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ABSTRACT

The Development of an Accelerometer System
for Measuring Pelvic Motion During Walking

- A planar eight accelerometer measurement system for determining the three

dimensional motion of the pelvis during walking has been developed in this study.

Literature reviews are given for: previous studies of pelvic motion, kinematic

measurement systems and previous studies which used accelerometers to measure

human locomotion activities.

Equations for the eight accelerometer configuration are derived from the

general equations of rigid body motion. The method of solving these equations

for angular velocity, angular position and the translational acceleration,

velocity and position is developed. The design analysis for the accelerometers

fabricated and used in this study and their associated electronic equipment is

given. The method used to mount the accelerometers on the pelvis of subjects is

presented. The equipment and method used to calibrate the system is described

and this description includes the techniques used to ensure temperature stability

during data collection.

_The computer programs used to process data collected in walking tests are

explained. The mathematical techniques used to integrate the equations and to

filter the data are discussed. The following pelvic motion parameters are

produced as functions of time: angular velocity, angular position, translational

acceleration, translational velocity and translational position. The results of

experimental testing of the measurement method are presented.

Graphical results for tests of seven male subjects walking barefoot, in

shoes and carrying 13.6 Kg backpacks and of seven female subjects walking bare-

foot, in low heeled shoes and in high heeled shoes are presented. These results

are compared with results from previous studies and a nonparametric statistical

evaluation of the results shows that the measurement system can detect changes

in pelvic motion due to different footwear and back loads.

'4 It is ,ncluded that this accelerometer measurement method can measure three

.5 dimensional pelvic motion during human locomotion activities such as walking.
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CHAPTER 1

INTRODUCTION AND PURPOSE OF RESEARCH

1.1 Introduction and Purpose of Research
1.2 Anatomical Description of the Pelvis and Sacrum
1.3 Review of Previous Studies of Pelvic Motion
1.4 Review of Kinematic Measurement Systems

1.4.1 Photographic Systems
1.4.2 Photogrammetric Systems
1.4.3 Polarized Light and Photodetector Systems

1.4.4 Television Systems
1.4.5 Body Contact Systems

1.5 Review of Previous Studies using Accelerometers

1.1 Introduction and Purpose of Research

The majority of the patients referred to orthopaedic hospitals for

treatment have some disorder of the lower limbs, pelvis or lumbar spine.

These patients usually modify their gait to compensate for the disorder

and the degree to which they deviate from "normal" walking is primarily a

function of the disorder. The pelvis and sacrum form a crucial junction

between the lower limbs and the lumbar spine. Forces are transmitted

through the pelvis to the lumbar spine and the motion of the pelvis is an

integral part of human locomotion. Biomedical studies of the pelvis and

sacrum can be classified as either kinetic, the study of the effects of

forces on motion, or kinematic, the study of motion without reference tc

the effects of forces. Most studies have focused on the kinetics of the

hip joint due to the clinical interest brought about by the total hip

prosthesis. The surgical replacement of the hip joint is one of the comr~n

operations appearing on the surgical list at many orthopaedic hospitals.

There is also clinical interest in the kinematics of the pelvis because

treatment is intended to improve the locomotion of the patient.



Although disorders of the lower limbs result in a modification of

pelvic motion to compensate for the disorder, there have been very few

kinematic studies of the pelvis. Adequate kinematic studies of pelvic

motion have not been performed because there seems to be no suitable

measurement system available to study pelvic motion. The kinematic

measurement systems used to study the relatively large movements of the

lower limbs are not capable of measuring the small translations and

rotations of the pelvis. Therefore, the purpose of this study was to

develop a kinematic measurement system capable of:

(1) measuring the three dimensional motion(translation and

rotation) and linear accelerations of the ?elvis and sacrum

during activities such as walking

(2) detecting changes in the motion and linear accelerations of

the pelvis and sacrum due to lower limb or pelvic

disorders.

In order to test the systems capability to accomplish the above purposes,

measurements were to be made of level walking and

(1) variation of heel height in healthy female subjects

(2) load carrying on the back in healthy male subjects.

The reasons for selecting these purposes will now be elaborated upon.

An understanding of pelvic motion is fundamental to understanding how

humans walk. In a classic article, The Major Determinants in Normal and

Pathological Gait, Saunders, Inman and Eberhart(1953) suggested that there

were six primary determinants of human locomotion. Three of the six are

pelvic movements: pelvic rotation to the right and left about the vertical

axis which reduces the vertical movements of the center of gravity of the

body and thereby the energy cost of locomotion; pelvic tilt, the rotation

about a horizontal axis in the coronal plane, which further reduces the

vertical motion of the center of gravity and the energy cost; and lateral



displacement of the pelvis which reduces the horizontal displacement of

the center of gravity to a value approximately equal to the vertical

displacement. The net effect of these pelvic movements is to produce a

smoolh, low energy motion of the center of gravity of the body when

walking. They also point out that most disorders of the joints of the

lower limbs will be manifested in exaggerated motions at other levels and

this will be reflected in a change from the normal pattern of pelvic

motion.

In spite of the evidence that understanding pelvic motion is

essential to the understanding of normal and abnormal gait, very few

complete studies of pelvic motion have been undertaken. Murray,

et.al.(1964) concur with this and also note that in their preliminary

tests on patients with hip fusions "exaggeration of pelvic tipping was an

important mechanism to compensate for the absence of motion at the hip

joint." It seems very likely that other disorders will also result in an

alteration of pelvic motion, yet only one complete study of pelvic motion

has been found in the literature, Lamoreux(1971). The literature review

conducted in this area is presented later in this chapter and supports the

need for a more comprehensive study of pelvic motion.

Several studies of accelerations measured in the lumbo-sacral region

have been made and are summarized in the review of studies using

accelerometers contained in the final section of this chapter. However, in

most of these, no attempt was made to ensure that the accelerations were

measured in vertical and horizontal directions. The accelerations were

simply recorded as the subjects walked and thus the natural oscillations

of the pelvis changed the orientation of the accelerometers. In this study

it was considered essential to resolve the accelerations along coordinate

axes fixed in space in order for valid comparisons to be made.



To test the measurement system, the pelvic motion of healthy male and

female subjects would be measured during level walking. Since variation of

heel height and load carrying could be expected to alter pelvic motion,

these two conditions were included to test the ability of the measurement

system to detect changes in pelvic motion. There have been various studies

of the effects of high heels, both for standing, Buehler(1932), and

walking, Schwartz(1935), Mathews(1963), Gollnick(1964) and Murray(1970).

None of these studies investigated the effect on accelerations at the

sacrum of wearing high heels. There have been several studies on the

acceleration levels at the heel, pelvis and head, Guenther(1968) or

Light(1977), for various floor surfaces, running and walking and with

various heel materials. Therefore, in addition to testing the measurement

system, useful information would be obtained on pelvic motion and changes

in acceleration levels at the pelvis due to wearing high heels. For male

subjects, who do not normally wear high heels, a load carried on the back

was used as the test of the measurement system.

In order to accomplish these purposes, it was necessary to select a

measurement system. The various systems used to make kinematic

measurements, as reported in the literature, are reviewed later in this

chapter. Some of these systems were eliminated from consideration as

unsuitable for measuring three dimensional motion of the pelvis, such as

goniometers and other systems which only measure relative motion or motion

of joints. The systems being investigated for feasibility by other

researchers at the time this study was begun were eliminated due to the

uncertainty involved in the development of new techniques; these included

the polarized light and photodetector systems and television systems.

Photographic systems have been used to obtain acceleration data in several

previous studies. However, these require a great deal of manual effort to

obtain results and most studies reported that accurate acceleration data
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was difficult to obtain when displacements were small. This is because the

double differentiation required magnifies any errors present in the

displacement data. As the displacements of the pelvis are small, and

accelerometers provide the data directly, the use of photographic methods

was rejected. The decision to pursue the use of a three dimensional

measurement system for measuring pelvic motion based on accelerometers was

made after careful evaluation of the several systems available and

consideration of all the needs and purposes of this study.

In the remaining sections of this chapter an anatomical description

of the pelvis and sacrum and reviews of previous studies of pelvic motion,

kinematic measurement systems, and previous studies using accelerometers

are presented. Chapter 2 presents the theoretical analysis for the

accelerometer configuration used in this study and the method of obtaining

displacement and rotation data from accelerometer measurements. In

chapter 3 the experimental apparatus is discussed. The chapter includes

details of the design, fabrication and testing of the accelerometers and

the electronic equipment required for their operation; the method used to

mount the accelerometers on the sacrum of subjects; and the equipment used

to calibrate the accelerometers prior to data collection. In chapter 4 the

method of acquiring and processing data from subjects is explained. This

includes calibration procedures, subject preparation, and walking test

sequences and a description of the computer programs used to store and

process test data. Also included in this chapter are estimates of

experimental errors based on tests of the accuracy of the system. Chapter

5 presents the results of the walking tests on subjects. A discussion of

these results is contained in chapter 6 and conclusions and

recommendations for future studies are presented in chapter 7.
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1.2 Anatomical Description of the Pelvis and Sacrum

Any study of the human body, or any of its various segments, requires

a knowledge of the structure of the component members of that segment.

Therefore a brief anatomical description of the bony structure of the

pelvis and sacrum, the pelvic ring, will be presented in this section. As

this study involves measuring the motion of the pelvis during walking a

coordinate system must be established as a reference frame in which

measurements can taken. The coordinate system which was used in this study

will also be described in this section.

The pelvic ring, as shown in Figure 1-1, serves to transmit forces

from the lower limbs to the vertebral column, via the hip and lumbosacral

joints, and to provide support to the abdominal viscera from below. In

adults it is composed of three bony structures: two hip bones and the

sacrum which is a solid section of bone formed by the fusion of the five

sacral vertebrae. There are two interior joints, the pubic symphysis and

the sacroiliac joint, and three exterior joints, the two hip joints and

the lumbosacral joint. The pelvic ring resembles a large funnel and is

very different in the two sexes. The female pelvis is much broader and

shorter than the male pelvis. In addition, the brim of the pelvic ring has

a larger diameter in the female.

During childhood, the hip bone, shown in Figure 1-2, consists of

three bones, the ilium, ischium and pubis; these bones fuse into one solid

bony structure in the adult. The largest of these is the ilium which is a

large flat bone ending superiorly in the Iliac crest. The prominences at

either end of the iliac crest, both of which are easily palpated through

the skin and muscle tissue, are the anterior superior iliac spine and the

posterior superior iliac spine. Below these lie the anterior and posterior

inferior iliac spines which are very difficult to palpate. 1,.e lower end

of the ilium terminates in the upper portion of the acetabulum, the socket
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of the hip joint. Between the acetabulum and the posterior inferior spine

is a curved section of bone known as the greater sciatic notch.

The next largest section of the hip bone is the ischium. Its

outstanding feature is the ischial tuberosity which we sit upon. Above the

ischial tuberosity, the spine of the ischium protrudes medially and the

margin of the ischium forms the lesser sciatic notch. Ischial bone also

forms a section of the lower portion of the acetabulum. A strong section

of bone called the ramus of the ischium begins at the anterior aspect of

the ischial tuberosity and unites with the corresponding section, the

inferior ramus of the pubis, to form the conjoined ramus.

The inferior ramus leads to the body of the third bony section of the

hip bone, the pubis. The pubis is also a flat section of bone which has a

superior pelvic surface and an inferior femoral surface. The anterior

section stands out as the pubic crest and at the lateral end of this crest

is the pubic tubercle. The pubis also forms part of the acetabulum and its

superior ramus joins the ilium at the iliopectineal eminence. A large

hole, the obdurator foramen, appears just below the acetabulum and is

bordered by the superior ramus, the body of the pubis, the conjoined ramus

and the body of the ischium.

The sacrum, shown in Figures 1-3 and 1-4, is a wedge shaped bone

formed by the fusion of the five sacral vertebrae. The main bodies fuse

along the midline to form the body of the sacrum while the lateral portion

fuses into the lateral mass. A series of openings between the main boJy

and the lateral mass, the anterior and posterior sacral foramina, serve as

the exit points for the sacral nerves. The sacral canal is located in the

center of the bone and contains the sacral nerve roots and the filum

terminale. The sacrum articulates with the iliac bones to form the sacral

joint.



Figure 1-5. Forces in the Pelvic Ring
(adapted from KapandjYi)
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The sacroiliac joints are synovial joints although very little

movement takes place at them, Egund, et.al.(1978). The articular surfaces

are rough and irregular with the protuberances on the sacrum fitting into

the depressions on the ilium. Both articular surfaces are in the shape of

a crescent and are lined with cartilage. The joint is bound together with

some of the strongest and shortest ligaments in the body, the primary one

being the interosseus sacroiliac ligament. The short ird long posterior

sacroiliac ligaments, and the sacrotuberous and sacrospinous ligaments

also help to provide extensive and strong ligamentous support to this

joint. This extremely strong support is essential as the weight of the

upper body tries to drive the anterior portion of the sacrum down between

the ilia. Consequently, the posterior portion of the sacrum would "seesaw"

upward if it were not for the tethering action of these ligaments which

prevent the tip of the sacrum from moving away from Lhe ischial

tuberosity.

The pubic symphysis is a cartilaginous joint with a disc of

fibrocartilage nesting between the right and left bones. The joint is

strongly bound together by the anterior, posterior, superior and inferior

ligaments. The pubic symphysis is a very strong joint and has minimal

mobility except during childbirth when water is absorbed into the soft

tissues allowing the female pubic bones to slide on each other and move

apart.

The pelvis, or the pelvic ring, consists of three bony structures,

the right and left hip bone and the sacrum, which articulate at the

sacroiliac and pubic symphysis joints. It forms a strong and rigid

structure whose prii:iary function is to transmit forces from the lower

limbs to the vertebral column. Within the bony structure there is a

pattern of bony trabeculae which apparently correspond to these lines of

force. Forces from the lower limbs are transmitted into the pelvis
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through the hip joint while forces from the upper body are transmitted

into the pelvis via the lumbosacral junction as shown in Figure 1-5.

In this study, the motion, rather than the forces, of the pelvis will

be determined. In reviewing the literature, there appears to be no

standard coordinate system nor a standard terminology for describing the

translation and rotation of the pelvis in space. The following description

of pelvic motion will be used throughout this study.

In Figure 1-6 the anatomical planes and coordinate axes which are

fixed in the space, but move in the direction of the progression of the

subject, are shown. The translational motions are measured relative to the

coordinate system as:

(1) right/left pelvic motion is positive to the right, negative

to the left and is measured along the X axis

(2) anterior/posterior pelvic motion is positive anteriorly,

negative posteriorly and is measured along the Y axis

(3) vertical pelvic motion is positive upward, negative downward

and is measured along the Z axis.

Angular measurements are made using the convention: when the thumb of

the right hand is placed in the positive direction of an axis with the

fingers curled about the axis, the fingers indicate the direction of a

positive rotation(right hand screw convention). Thus, the pelvic

rotations are measured as:

(1) sagittal pelvic rotation (some authors call this "pelvic

tilt") is positive when the anterior section of the pelvis

moves upward and negative when the anterior section moves

downward about the X axis



(2) coronal pelvic rotation is positive when the left side of

the pelvis moves upward and negative when the right side

moves upward about the Y axis

(3) transverse pelvic rotation (some authors call this "pelvic

rotation") is positive when the right side of the pelvis

moves forward and negative when the left side moves forward

about the Z axis.

Having described the skeletal structure of the pelvis and the

coordinate system in which motion of the pelvis can be measured, a review

of some of the previous studies of pelvic motion will be presented.



II

1.3 Review of Previous Studies of Pelvic Motion

There have been very few studies in which the motion of the pelvis

was the primary focus of the study. In most cases the primary interest was

in the motion of the lower limbs and only one or two of the six parameters

which completely describe the translation and rotation of the pelvis were

measured. Only Lamoreux(1971) reported measuring all these parameters.

Therefore this review will discuss only those portions of previous studies

relating to the measurement of pelvic motion.

One of the most comprehensive studies of lower limb and pelvic motion

began in 1947 at the University of California at Berkeley and in 1948

Levens, et.al. reported on the transverse rotations of the lower limbs

including the pelvis. The method involved the insertion of stainless steel

threaded pins into bony prominences of the iliac crest of the pelvis, the

adductor tubercle of the femur and the tibial tubercle. Targets,

consisting of light wooden rods with spheres at two points, were attached

to the pins. Subjects were then filmed while walking using three

synchronized 35mm cine cameras located in front of the subject,

perpendicular to the direction of walking and overhead. Data from 12

subjects were analyzed and the authors estimated the accuracy of the

measurement of transverse pelvic rotation to be 20 for the middle 60

percent of the stance phase and the maximum variation, which occurred at

toe off, to be 5-6 . The average transverse rotation was found to be 7.70

with a maximum range of 13.30 and a minimum range of 3.00.

In 1964 Murray, et.al. reported the first in a series of studies

designed to determine the ranges of normal values for parameters used to

describe the act of walking. The measurements included walking cycle

duration, duration of stance, duration of swing, duration of double-limb

support, step and stride length, stride width, foot angle, sagittal

rotation of the pelvis, hip, knee and ankle and the vertical, lateral and
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forward movement of the trunk during level walking. Tne method used in

this and subsequent studies consisted of placing reflective tape targets

on the subject and then, using interrupted light from a stroboscope

flashing at 20 times/sec, photographing the walking subject with a Speed

Graphic camera. A mirror was placed overhead to record transverse as well

as sagittal displacements. The pelvic targets consisted of a strip of

reflective tape aligned horizontally over the lateral aspect of the pelvis

for sagittal motion and a plastic rod strapped securely to the sacrum,

using a divided leather belt, for motion in the transverse plane.

Sixty male subjects were subdivided into five age groups and each age

group was further divided into tall, medium and short categories so that

there were four subjects in each test group. The mean sagittal rotation of

the pelvis was found to be 60 with maximum anterior tipping occurring just

before heel strike and maximum posterior tipping occurring early in the

single limb support phase. The average maximum transverse pelvic rotation

in all sixty subjects was 100+3.50. The 20-25 year group showed the

greatest rotation and the 60-65 and 30-35 year groups showed the least

rotation in the transverse plane. The authors reported there were

"striking differences" in transverse pelvic rotation between individual

subjects and yet there was "striking reproducibility" on repeated trials

of the same subject. Their conclusions reported

"The absence of pelvic rotation in some of our normal
subjects suggests that this is not an obligatory element of
normal gait, but rather a convenient excursion, available when
walking and, perhaps, attitude demand it."

This indicates that measurements of transverse pelvic rotation can be

expected to vary widely between individual subjects.

In 1966 Murray et.al. reported a second study comparing the effects

on parameters previously studied of varying the walking speed. This study

was conducted using 30 of the subjects from the previous study and the
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same method of interrupted light photography was used to record the data.

In Murray's studies free walking speed implies the subjects chose their

own walking speed. The mean free walking speed was 151+20 cm/sec and the

mean fast walking speed was 218+25 cm/sec. They reported that the sagittal

pelvic rotation was unaffected by walking speed and remained 60. The

transverse pelvic rotation was 11.50+3.80 for free speed walking and

16.5'+6.40 for fast speed walking. It should be noted that the mean free

speed value varied 1.50 between the 1964 and 1966 studies.

In Klopsteg and Wilson(1968) some of the glass walkway study results

from the University of California at Berkeley are cited which indicate

that pelvic rotation in the coronal plane has an amplitude of

approximately 80. No indication of the accuracy of the measurements or a

minimum or maximum value is cited. They also provide information about

pelvic rotation in the transverse plane measured using surgical pins which

was discussed earlier in this section.

In 1969 a study of walking patterns in healthy men was reported by

Murray, et.al. In this study 64 normal men in age groups from 20 to 87

years old were studied using the same techniques previously reported. The

subjects were each tested twice walking at a free speed and twice at a

fast speed. The mean free walking speed was 139+23 cm/sec and the mean

fast walking speed was 195+40 cm/sec. This study only reported transverse

pelvic rotation and did not report on sagittal pelvic rotation. For this

study the mean transverse pelvic rotation was 90+40 for free speed walking

and 140+60 for fast speed walking. The decrease from 100 and 11.50 for

free speed walking reported in their previous studies is probably due to

the inclusion of the higher age groups as these studies have shown that

transverse pelvic rotation decreases for uormal men aged 60 years and

older.
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In 1970 a study of the walking patterns of normal women was reported

by Murray, et.al. In addition to measuring the previously studied

parameters at free and fast speed walking, this study included standing

and walking measurements in low and high heels. Low heels had heights from

0.25" to 1.25" and high heels had heights from 2.75" to 3.75". The study

showed that 17 subjects showed slightly greater anterior tipping in the

sagittal plane and 13 subjects showed slightly greater posterior tipping

of the pelvis when standing in the higher heels. When wearing low heels

the mean rotation of the pelvis in the sagittal plane was 5 with a 2a

(two standard deviations) range of 4.4' to 5.60 for free speed walking and

6.80 with a 2a range of 5.80 to 7.80 for fast speed walking. In high heels

the rotation in the sagittal plane was 50 with a 20 range of 40 to 60 for

free speed walking and 4.70 with a 2o range of 40 to 5.40 for fast speed

walking. The total excursions of the pelvis in the sagittal plane were

greatest when walking fast with low heel shoes. When wearing low heels the

mean rotation of the pelvis in the transverse plane was 9.60 with a 2a

range of 8.80 to 10.40 for free speed walking and 12.80 with a 2; range of

11.7 to 13.90 for fast speed walking. In high heels the transverse

rotation was 100 with a 2o range of 9.30 to 10.70 for free speed walking

and 130 with a 2o range of 11.80 to 14.20 for fast speed walking. As in

men, the transverse rotation of the pelvis was mentioned as a more

individualized and therefore more varied component of walking.

The first study of patients with abnormalities of the lower limbs or

pelvis was reported by Murray, et.al. in 1971. The patients studied had

unilateral hip pain due to either osteo-arthritis or avascular necrosis.

This study reports the maximum sagittal rotation of the pelvis as 40+0.3 '

for normal men and a maximum of 110+0.70 for the patients. The transverse

pelvic rotation is stated as 90+0.40 for normal men and 110+0.80 for

patients with unilateral hip pain. Twenty six men were tested with left
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hip involvement in fifteen patients and right hip involvement in the

remaining eleven. The study contains information on parameters other than

pelvic rotation, but the conclusions regarding pelvic motion were:

"Increased anterior-posterior pelvic tilting, accomplished
by lumbar flexion and extension, was consistently the major
means of compensating for limited hip motion during walking.
Anterior tilting was accentuated as the painful limb extended
behind the forward-moving body, while posterior tilting motion
was accentuated as the painful hip flexed forward during the
swing phase. Despite this exaggerated pelvic tilting motion, the
patients consistently maintained greater anterior pelvic
tilting, and therefore greater lumbar lordosis, throughout the
walking cycle than did normal men. Increased transverse rotation
of the pelvis also served to compensate for limited hip motion,
as described by Steindler."

This study highlights the need for measuring pelvic motion in abnormal

gait to understand the mechanisms involved in compensating for painful or

abnormal joints in the lower limbs.

In 1971 the one study of pelvic motion in which all six parameters,

three translational and three rotational, were measured was reported by

Lamoreux. This study encompassed much more than pelvic motion, however

only those parts of the study relating to pelvic motion will be discussed.

The method of measuring pelvic motion consisted of having a subject walk

on a treadmill while attached to three string-type potentiometer devices,

one of which is shown in Figure 1-7. These devices were placed beside,

behind and above the subject with the strings attached to the subject's

pelvis. As the subject walks on the treadmill, the electrical signals from

the potentiometers are recorded. These signals are directly proportional

to the length of the strings and therefore the spatial coordinates of the

pelvis. Using a computer to scale and compute the recorded signals, the

translational displacements and angular rotations of the pelvis during

walking were obtained. The graphic results of this study are shown in

Figures 1-8 to 1-13. The rotational results of this study are comparable

with the results reported by Murray, et.al. in their series of studies.
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In 1973 Waters, et.al. reported a study of translational motion of

the trunk during walking. As in Lamoreux's study, cords were attached to

the pelvis to measure the translation of the pelvis while the subject

walked on a treadmill. The cords measuring sagittal and coronal

displacement were attached to S-2 along the posterior midline. The cords

measuring the transverse displacements were attached to the lateral border

of the iliac crests. In a separate series of tests reported in the same

article, the authors attached accelerometers to the posterior midline and

recorded accelerations during walking on a level surface. Five male

subjects aged 21 to 25 years were studied. The translation of the pelvis

was: 4.5 cm in the transverse plane, 2.6 cm in the sagittal plane and

4.2 cm in the coronal plane. The accelerations were: 0.38 g's forward and

0.35 g's backward in the sagittal plane and 0.36 g's upward and 0.28 g's

downward in the coronal plane. The translational results are comparable

with those reported by Lamoreux.

In 1975 a pamphlet was published by Mann, et.al. reporting, via

graphs and charts, the results of studies at the Gait Analysis Laboratory

in the Shriners Hospital for Crippled Children, San Francisco, California.

No discussion of the methods used or the number of subjects studied is

presented, but pelvic rotations are shown. The transverse pelvic rotation

is 180, the sagittal rotation is 20 and the coronal rotation is 90. The

transverse rotation is almost twice that reported elsewhere and the

sagittal rotation is less than one-half that reported by other

researchers.

The final study reviewed was conducted by Gore, Murray, et.al. and

reported in 1975. The subjects were men with unilateral hip fusion and the

method of measurement was the same as reported in previous studies by

Murray, et.al. Twenty eight subjects were studied of which twelve had

equal limb lengths, sixteen had shortened limbs on the side of the fusion
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and eleven subjects wore shoe lifts during the walking trials. The

sagittal rotation of the pelvis was reported to be 15.80+3.60 for the

patients compared to 7.10 +2.40 for normal men. The transverse pelvic

rotation also increased from 11.50+3.80 for normal men to 15.30+4.60 for

these patients. Alterations in pelvic motion to compensate for lack of

motion in one hip joint were stated as:

"The compensatory mechanisms that augment the excursions of

the limb on the side of the fusion are excessive anterior-

posterior pelvic tilt, excessive transverse rotation of the
pelvis,..."

The measurement of pelvic motion and of other lower limb movements

require the use of measurement systems. The various kinematic measurement

systems used to measure motion of the pelvis and lower limbs will be

discussed in the next section.
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1.4 Review of Kinematic Measurement Systems

In order to select a method of measuring the motion of the pelvis

during walking, a review of the kinematic measurement systems used by

other researchers was made. Certain systems were excluded from this

review because they were deemed inappropriate for this study. The use of

invasive systems, such as the surgical pins used in Levens, et.al., were

eliminated because they would require the assistance of a surgeon to

install the pins and the general discomfort and pain they cause the

subjects. Those measurement systems used in measuring forces, the kinetics

of joints and limbs, were not considered as this study was concerned with

the motion, or kinematics, of the pelvis. These systems include various

walkways, force plates and foot switch devices.

The kinematic measurement systems will be categorized as follows:

photographic, photogrammetric, polarized light and photodetector,

television, and body contact systems. The discussion of these systems will

not present complete and detailed explanations of each system. These

details are available in either Grieve, et.al.(1975) or the articles

published which report on these systems. The systems will be explained in

general and some advantages and disadvantages of each will be presented.

1.4.1 Photographic Systems

The interrupted light method was introduced by Marey(1895) and is

still used. This method requires placing markers on various anatomical

landmarks on the subject and then photographing the subject as he walks

with a single plate camera. A rotating disc placed in front of the lens

produces multiple exposures on the film which are then analyzed.

Fischer(1906) and Bernstein(1934) modified the method by attaching small

electric lamps to the subjects and having them walk in darkened rooms. The

studies of Murray, et.al.(19b4,1966,1970,1971,1975) have replaced the

lights and rotating shutter with reflective tape markers illuminated by a
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stroboscope which flashes at 20 times/sec.

All interrupted light systems require manual data reduction which is

a time consuming process. This technique can suffer from parallax errors

if the subject moves out of the specified plane of motion. It can produce

very good results for movements in one plane, but overlapping movements

can cause confusion. It also requires subjects to walk in a darkened room.

Eberhart(1951) stated that he believed the interrupted light system was

"not particularly useful in evaluation of gait", but Murray, et.al. have

based many studies on this technique.

The most common photographic technique in use has been cine

photography. This method was pioneered by Muybridge(1904) in his study of

human movements. It was the principal method used in the University of

California at Berkeley study and its use there is evaluated in Eberhart

and Inman(1951). In this method markers are placed on the desired

anatomical landmarks of the subject and generally two synchronized cine

cameras are used to record the data. In some studies mirrors have been

placed in a position for transverse plane movements, thus allowing three

dimensional studies.

The use of modern lighting and cameras have greatly improved the

accuracy of this method. Also, mathematical techniques for correcting

parallax have been incorporated in the data reduction methods further

improving the accuracy. The manual reduction of data from cine film is

still the major disadvantage to this system. Attempts have been made to

remove this manual labor using computer based data reduction systems as

reported by Kasvand(1976) and Pepoe(1970). The systems use optical

scanners or fiber optics to scan the developed film for marker location

information. These systems still appear to be in the development stage.
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In spite of the great amount of manual effort required to obtain data

from photographic systems, they have played an important role in

locomotion studies and continue to be used. However, the number of

subjects which can be studied and the number of tests which can be carried

out is limited by the labor available for data reduction. If fully

automated methods for data reduction can be developed, these systems still

will not provide immediately available data for analysis as the film must

be processed and the cost of film and film processing can be appreciable.

1.4.2 Photogrammetric Systems

Photogrammetry, or stereophotogrammetry, has been used in surveying

to obtain very accurate location measurements. The technique involves

taking simultaneous photographs of an object in space. If the base

distance separating the two cameras and the focal length of the lens of

each camera are known, then the third dimension can be derived from the

two planar measurements. This is accomplished by placing the negatives in

a stereocomparator and, after properly calibrating the device, reading the

three dimensional coordinates of the object from the projected image. Tc

obtain accurate results very sharply defined photographic images must be

used and in movement studies this may prove difficult as movement tends to

blur the images. Ayoub(1970) used this technique to study hand and arm

movements and claimed to measure these movements to an accuracy of 2%. A

study of a seated operator moving a foot pedal by Bullock(1974) also used

photogrammetry to obtain data and an accuracy of 2% was claimed for

movement rates up to 30 cm/sec.

As with photographic methods, the manual labor involved in data

acquisition is considerable. There is some reduction as the method

involves obtaining all spatial coordinates from only one image instead of

the two or three images used in interrupted light or cine film systems.

Although very accurate three-dimensional position data can be obtained,
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the cameras must be precisely aligned and this is normally a time

consuming task requiring the use of precision surveying equipment. The

stereocomparator is also a very costly piece of equipment and the expense

involved may not be justified for the results which are obtained by this

technique.

1.4.3 Polarized Light and Photodetector Systems

The general method using polarized light to measure movement was

reported almost simultaneously by Grieve(1969) and Reed and

Reynolds(1969). Additional research has been carried on by

Iitchelson(1975) at the University of Loughborough to refine this

technique. A diagram of the University of Loughborough system is shown in

Figure 1-14 and the discussion will describe this system which is similar

to the methods used in all the systems.

Polarized light is generated by passing light from a DC powered light

source through a polaroid disc so that twice every revolution the plane of

polarization is rotated through 1800. The transducers, placed at selected

anatomical landmarks on the subject, consist of a matched pair of

photodiodes connected in opposition to each other and covered by polaroid

filters. The filters are positioned such that the planes of polarization

are at right angles to each other. Thus any non-polarized light received

by the photodiodes is equal in intensity and the output signal from the

pair is nil. Polarized light emitted by the rotating source is received by

one cell and extinguished at the other in an alternating fashion and

produces a sinusoidal output voltage. A reference photocell is used to

detect a reference mark on the rotating iisc and produce a voltage pulse

each time the mark passes the photocell.

The electronic circuitry has been designed to initiate a linear

voltage ramp when the reference pulse is detected. This ramp is halted

when the sinusoidal signal from the photodiode transducer passes through
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zero in a negative going sense. This voltage ramp value is then stored, in

a sample and hold circuit, and represents the angular displacement of the

transducer with respect to the light source. This output voltage is

updated at every revolution of the disc, in this system 150 times/sec.

Mitchelson reported a noise level of 0.17% and the linearity as ±0.1 in a

total range of 1800. In addition to angular displacement, angular velocity

can be obtained by including additional sample and hold and difference

amplifier circuits. This technique is a relatively inexpensive method for

obtaining the relative angular position of two body segments, however it

cannot measure absolute rotations or positions of a single body segment.

Also, the receivers must be attached to the body and a power source for

these must be carried. This system has served to popularize angle-angle

diagrams as a technique for analyzing lower limb motion.

A commercial system, SELSPOT, has been developed using a continuous

light spot position sensor to measure the two dimensional coordinates of a

light source, Lindholm(1974) and Selcom(1975). A large area silicon photo

diode sensor has been manufactured by United Detector Technology Inc. in

both single axis and dual axis versions. The sensor produces analog

signals which correspond to the light spot image position on the sensor

surface. Light emitting diodes(LED's) are placed over anatomical locatic's

on the subject to provide the light source which is detected by the

sensor. The LED's are switched on to provide a short pulse of light and

special noise suppressing and linearizing circuits are used to produce the

x, y coordinates of the LED. To monitor more than one LED, time division

multiplexing is required and by using two sensors three dimensional

measurements can be obtained. The accuracy of the system is largely

dependent on the signal to noise ratio in the sensor and signal processor,

but is also a function of the incident power from the LED's. If the

incident power is on the order of I mW a resolution of one part in ten
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thousand is quoted. For the distances involved in most locomotion studies,

currently available LED's cannot produce this power. However, Selcom has

obtained resolution of 10- 4 at a range of 6 m within a cube of 3 m sides

using 30 LED's and sampling at a frequency of 200 Hz. One advantage of

SELSPOT is the output of independent signals for each marker which

eliminates confusion between adjacent markers which can occur in other

systems. The system does require a power source and switching circuits to

operate the LED's and some difficulty in attaching the markers to

anatomical landmarks can be encountered if it is necessary to strap the

markers to the subject.

Another system based on photo detectors is being developed by

Nitchelson(1975). The system, CODA(CarLesian Optoelectronic Dynamic

Anthropometer), uses an encoded optical mask which is placed in front of

an array of silicon photodetectors. Point sources of light are focused by

cylindrical optics into a line image on this array as shown in Figure 1-

15. Any movement of the point source at right angles to the orientation

of the line image causes the line image to shift across the focal plane.

The photodetectors behind the optical mask are arranged to give a direct

digital readout of the line image, and thus point source, position.

Additional accuracy has been achieved through the use of an analog vernier

and rows of transparent wedges in the mask. The final resolution is

designed to be I part in 4096.

By using three cameras, three dimensional position data can be

obtained. Two cameras, separated by a known distance, measure the two

horizontal position coordinates using stereophotographic principles and

the third camera measures vertical position. Laser LED's will be used as

light source markers in this system to provide greater illumination power

at the detector and should show better resolution than the SELSPOT system.

Precise alignment of the cameras and the optical lens and mask will be
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necessary to achieve the desired accuracy. The resolution will also be

affected by the power and angle of radiation of the light sources.

Mitchelson plans to have the power supply for the I.ED's and a short range

radio receiver carried in a belt pack on the subject. The receiver will

synchronize the light pulses from signals transmitted from the camera

control console. The subject will then be free to move about without any

trailing wires to hinder his movements. This freedom of movement and the

high precision of measurement possible are the major advantages of this

system.

1.4.4 Television Systems

Television systems for measurement of movement have been

independently developed at the University of Manitoba by Winter,

et.al.(1974a,b), the University of Strathclyde by Jarrett(1976) and other

locations. The primary motivation in the development of these systems has

been to reduce the manual labor involved in obtaining spatial position

information. The systems are based on the principle that two dimensional

position information of a point located in the field of view of the

television camera can be obtained by determining which rastor

line(vertical) the point is on and where the point is located(horizontal)

on a particular rastor line. The point must have sufficient contrast tc be

clearly visible, in these systems visibility being defined as a voltage

level clearly discernible from other voltage levels exciting the

television screen.

The method used at the University of Manitoba consists of following

the subject with a television camera mounted on a cart and recording the

output on a TV recorder. The tape is then replayed on a video recorder

with an interface to convert the data to digital form for storage on a

computer. Computer programs then reduce the dat-, calculate the absolute

coordinates of the center of the markers, make the necessary corrections
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for parallax and output the results. The data conversion is accomplished

in the same amount of time that was required to record the data(ie. 7

seconds of gait data is converted and output in 7 seconds). This

represents a major reduction in time and effort from cine or other

photographic methods. The major source of error is uncorrected parallax

which occurs when the subject does not walk in a straight line and the

marker is at the edge of the field of view of the camera, but the reported

error is not greater than 2 mm.

The University of Strathclyde system uses two fixed position cameras,

located perpendicular to the walking direction and ahead of the subject,

similar to the location of most cine film systems. The television cameras

are directly interfaced to the computer so that essentially real time data

acquisition and processing is possible. The computational tines prohibit

displaying information at the exactly the time it is being recorded, but

the few seconds of delay are insignificant when compared to cine film

processing times. This system also allows an immediate repetition of a

particular test if any problems arise during the test session as

preliminary results are available for analysis.

Although the initial cost of TV systems is much higher than

conventional cine film systems, primarily because of the cost of the

supporting computer, the long term cost per test is probably much less.

The major advantage is the availability of a system for conducting a large

number of repetitive tests on a single subject or testing a large number

of subjects. Most kinematic studies to date have involved relatively few

subjects and those using a significant number of subjects have taken years

to complete.
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1.4.5 Body Contact Systems

One of the least expensive and simple devices for measuring relative

motion between two body segments at a joint is the goniometer as used by

Karpovich(1960). A precision potentiometer is mounted on a mechanical

supporting bracket and the shaft is fixed to another support bracket. The

two brackets are then fixed on either side of a joint and the variation in

resistance is directly proportional to the angle between the brackets.

When suitable calibrated, no data reduction is necessary as the angle is

output directly and can be recorded on a simple chart recorder. More than

one goniometer can be incorporated in a single system and one of the more

complex systems was the exoskeleton devised by Lamoreux(1971) to measure

the rotations of the hip, knee and ankle. This system required precise

alignment of the hip linkages to ensure that the effective center of the

device coincided with the center of the hip joint. Earlier linkages used

at the knee also required careful alignment, but later linkage systems

were devised which did not require precise alignment as reported in

Radcliffe(1974). These devices are called self-aligning goniometers and

provide a simple method for obtaining direct measurement of the relative

angles at a joint.

Another simple device oased on the potentiometer measures the

absolute or relative position of a point on the body. One end of a string

is attached to the shaft of the potentiometer and the other end to a

desired anatomical point on the subject's body. As the subject moves the

output of the potentiometer is proportional to the position ot this point

referred to some initial position. This method was used by Lamoreux(1971),

as discussed in the previous section, to measure the translation and

rotation of the pelvis of a subject walking on a treadmill. The major

source of error is sag in the string, but the method is simple and

inexpensive.
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A similar device was used by Drillis(1958) to measure the horizontal

velocity of the trunk. In this study a DC generator, or tachograph, was

driven by a string attached to the subject instead of a potentiometer. The

output voltage is directly proportional to the velocity of the point on

the body to which the string is attached. Molen(1972) modified this method

to record the instantaneous velocity of the body's center of gravity. He

prerecorded pulses at a fixed frequency and constant speed on magnetic

tape which he then attached to the front and rear of a subject. The tape

was looped over guides and a tape read head and the subject walking moved

the tape over the read heads. The output frequency, converted to a DC

voltage, was directly proportional to the instantaneous velocity of the

tape passing over the read head and therefore the instantaneous velocity

of the subject.

These devices are simple and inexpensive; however they provide only

limited information on the kinematics of the lower limbs and pelvis during

locomotion. Other methods in addition to those discussed in this review

have been used or proposed for use in kinematic studies of locomotion and

body movement. These include magnetometers proposed by Page(1973), cine

radiographic techniques by Eberhart(1951) and other techniques which

either require invasive methods or did not seem practical to the author

for use in this study.

The other body contact method consistently mentioned in the

literature was the use of accelerometers. The review of this literature

will be presented in the final section of this chapter.



ACCELEROMETER OUTPUTS STATHAM TYPE AP*

TO AMPLIFIERS ACCELEROMETER

STATHAM TYPE 'AP
ACCELEROMETER

STATHAM TYPE "C"
ACCELEROMETER

(0) ACCELEROMETER MOUNTING ASSEMBLY

ESTIMATED POSITION

SENSITIVE AXES FOR OF KNEE JOINT
TYPE AP" A.CELEROMETERS

ADHESIVE TAPE

ESTIMATED POSITION OF C.G. FOR
SHANK, FOOT AND SHOE COMBINED

so " SENSITIVE AXIS FOR

TYPE *C ACCELEROMETER

(b) ACCELEROMETER MOUNTING ASSEMBLY ON SHANK

Figure 1-16. Accelerometer Mounting
(from Ryker & Bartholomew)



1.5 Review of Previous Studies using Accelerometers

A number of studies have been made in which accelerometers were used

to measure different aspects of human locomotion and other medical

applications in which acceleration can be used as a diagnostic aid. This

review will summarize only those studies which relate directly to the

measurement of some aspect of human locomotion or movement of other body

riembers in which accelerometers were used as the principal measuring

device.

Many different measurement systems were used in the comprehensive

study of human locomotion at the University of California at Berkeley. In

1951 Ryker and Bartholomew reported on the use of ac elerometers to

measure the angular acceleration of the shank, of either a normal or

prosthetic leg, and the linear acceleration of the shank in the sagittal

plane. These measurements would then be used to evaluate the performance

of various knee joint mechanisms in prostheses. During swing phase, the

knee joint moment is a function of these parameters and if direct

measurement could be accomplished the calculation of knee moment would be

simplified. The accelerometer mounting and the method of mounting the

device on the shank are shown in Figure 1-16. Very extensive tests of the

range ana sensitivity of the system as well as frequency response testing

of the system were reported in the study. The estimated accuracy of the

system, for both angular and linear measurements, was 6%. Typical test

data for one subject were included in the report and it was pointed out

that there was no method to correct the data for the effect of gravity

unless simultaneous cine film data were taken and the position information

on the shank obtained from analysis of the cine film. The report concluded

from these tests that for the determination of energy transfers occurring
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in the lower limbs during walking

..for the foot, shank and thigh the required number of

accelerometers is too great to make the method practical. Motion A
picture data and grapho-numerical differentiation, however
provide all the necessary kinematic quantities with sufficient
accuracy...."

They go on to state that for evaluating knee joint mechanisms

"Motion picture data and grapho-numerical differentiation
may be used instead, but the time required to produce results
and the loss of accuracy make this method impractical for
extensive use in rapid evaluation of knee mechanisms.

Accelerometers, on the other hand, are well adapted to this

purpose and the use of this method is indicated."

This study seems to indicate that except where acceleration is the primary

quantity to be measured other gait analysis methods are more suitable for

acquiring data.

In 1966 Moffat also reported using accelerometers to determine

prosthetic knee moment. The apparatus included a potentiometer to measure

the knee angle and this signal was differentiated to provide the knee

angular velocity. The accelerometers were used to measure the angular

acceleration of the shank. The method also required determining the mass,

radius of gyration and centroidal distance for the prosthesis being

tested. These were determined by weighing the prosthesis, then

oscillating it as a simple pendulum and measuring the period of

oscillation and finally suspending it to determine the center of mass.

After these quantities were determined, the accelerometer apparatus was

attached to the subject who then walked a straight and level distance

while data were recorded on chart recorders through a cable. Eight

subjects were tested and several suggestions for improving knee joint

prostheses are made. The author concludes with

"...causes the amputee to alter the term R, the
acceleration of the knee joint. In this way a gait defect
initiating at the knee joint is transmitted to the pelvis and

the entire body."

This conclusion seems to indicate that variations in pelvic motion could



X-Oxis As3

x-oxls

2d

Ndt 01at the s3esthve liear acceleratn
t, All irecoe by htto accelerometer A3

Wreetvl

Figur a, -17.c3ar The linear Method ion

(from Judge)



30

indicate lower joint defects.

A further refinement of these techniques was implemented in 1976 by

Judge at the Biomechanical Research and Development Unit in Roehampton.

The purpose of this study was to investigate and quantify the effects of

making adjustments to current knee control units installed in above knee

artificial legs and to predict desirable characteristics for future

designs. The apparatus was designed to be used on both above and below

knee prostheses. In this study three accelerometers were used to provide

the necessary data for computing the swing phase knee torque mounted as

shown in Figure 1-17. The accelerometer outputs were input directly to a

set of suitable scaled analog computers and the results were therefore

available in real time. No results of patient testing were reported,

however this method corrects some of the errors found in the earlier

studies and should produce useful information.

In 1962 Liberson, et.al. reported a study in which accelerometers

were attached not only to the shank, but also to the chest and thigh. The

accelerometers were attached to the shank to obtain angular acceleration

information and linear accelerations. This study resulted from Liberson' ,

original development in 1936 of a technique for directly recording

accelerations of the body. This is the earliest reference in the

literature of accelerometers being used to study body movement. The study

of 1962 reports on early results from testing 10 hemiplegic patients aimd

10 above knee amputees. The resulting acceleration patterns were compart.z

with normal subjects and the authors indicate that the method would b

suitable for training to improve the gait of the patients. No turther

results have been published to indicate if this system is still being

utilized for this purpose.
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A similar study to use acceleration as an indicator of normal and

abnormal gait was reported by Gage in 1964. In this study accelerometers

were attached to the trunk at the S-2 level to measure accelerations in

the vertical and anterior-posterior directions. Additional accelerometers

were attached to the shank to measure the angular acceleration of the

shank in the sagittal plane. The acceleration patterns for both normal

subjects and amputees are presented and the concept of using harmonic

analysis to analyze gait defects is presented. The results of harmonic

analysis of the vertical acceleration for amputees and normal subjects is

shown in Figure 1-18. The author reports on some preliminary correlation

of specific gait defects with specific odd harmonics however, he states

that they are based on a limited number of subjects and that further

investigations should be made.

This method of recording body accelerations and analyzing the

resulting patterns using harmonic analysis has been actively pursued at

the University of Iowa by Smidt. The first results were reported in 1971

for fifteen normal adults, seven normal boys and five patients with gait

defects. The apparatus consisted of three accelerometers which were

mounted to the sacrum using double sided adhesive tape and a leather belt

to provide additional stabilization. A footswitch was used in conjunction

with the accelerometers to record heel strike information. This study

introduced the harmonic ratio, obtained by dividing the coefficients of

the even harmonics by the coefficients of the odd harmonics, as an

indicator of the smoothness of the gait pattern. The following scale was

an attempt to classify the smoothness of walking: greater than 2.00 is

normal, 1.50 to 2.00 is fair, 1.00 to 1.49 is poor, and less than 1.0 is

very poor. Small groups of subjects using crutches and with induced

impairments were also studied and the results of these tests formed the

basis for the harmonic ratio scale.
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A second study of nineteen below-knee amputees was completed by

Robinson(1972). The mean harmonic ratio was 1.63 for the anterior-

posterior and 1.55 for the vertical accelerations. These values agree with

the scale established in the first study and the author states that these

low values

".... have an implication demonstrating the need for
improved gait training, proper fitting of prostheses, and
improved mass distribution properties in prostheses."

The comment is also made that the method of performing harmonic analysis

on the acceleration patterns is cumbersome and time consuming indicating

the lack of modern computer facilities at that time. This study was

reported in the literature, Robinson, et.al.(1977).

The efforts to correct and automate the data analysis of acceleration

patterns were published in 1977 by Smidt, et.al. The outputs of the

accelerometers and footswitches were input directly to a PDP-12 computer

through an amplifier-power supply interface. The computer was set to begin

sampling data automatically at the second right heelstrike and collected

data for one complete cycle. Three walking cycles were collected and

stored on magnetic tape for processing. The initial processing to compute

temporal and distance factors relating to walking and the peak

acceleration values required about 15 minutes per patient. The author

does not indicate how much time was required to obtain the harmonic

analysis which completed data processing, but this was also accomplished

with the computer. This study included a test of the accuracy of the

accelerometers in which the displacement of the accelerometer package was

photographed while simultaneously recording the output of the

accelerometers. The triaxial accelerometer was moved by hand in a straight

line on a horizontal vinyl surface for distances from 35.6 to 45.7 cm. The

displacement data were then double differentiated to obtain velocity and

acceleration curves and the results compared with the accelerometer output
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as shown in Figure 1-19. The error for displacement is the smallest and

the authors report that the increasing discrepancy from displacement to

velocity to acceleration is due to the magnification of minute errors in

the photographic procedure which are then magnified at each stage of the

differentiation procedure. This is in agreement with the statements of

other authors that integration decreases errors while differentiation

magnifies them. Preliminary results of using the system to evaluate the

gait patterns of tibio-femoral knee implants was reported. The subjects

were tested preoperatively and at two, six and 12 months following

surgery. Twenty two patients with degenerative joint disease and 24

patients with rheumatoid arthritis were studied and the harmonic ratio of

the degenerative group improved to a value of nearly 2.5 which Smidt

classifies as fair to gzod. The rheumatoid arthritics value was not

reported, but it was "less impressive."

Another investigation using accelerometers was begun at the

University of Milan, Italy by Cavagna, Saibene and Margaria in 1961. They

reported the development of a three-directional accelerometer to be used

in analyzing body movements by recording accelerations. The first results

were reported in 1963 in which the accelerometer was mounted on the

sacrum, using a belt, to measure accelerations and motion pictures, taken

simultaneously, were used to record the displacement of the center of

gravity of the body. These data were then used to compute the external

work performed in walking. A graphic integration technique was used to

obtain the velocity and displacement of the body. The results of this

study indicate that walking is most efficient, in terms of work done, at

4 km/hr and slowing down or speeding up from this speed requires an

increased energy expenditure. This group reported a second study
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of work in 1966 using force plates rather than accelerometers in which

they state

"This method(viz force plates) seems more convenient and
more direct than the accelerometric or the moving-pictures
method employed in the earlier work."

In a separate study of the external work in walking, Gersten(1969),

reported using only accelerometers and heel switches to make the

measurements required to compute work. Three accelerometers were attached

to the sacrum and the acceleration data were punched on computer cards by

a digital interface unit and card punch machine. The cards were then used

to input the data to the computer for processing. The accelerometers were

aligned by installing shims to ensure that the vertical accelerometer was

aligned with the local gravity vector and the acceleration due to gravity

was then addea to the output of the vertical accelerometer. The average

forward velocity was obtained by integrating the anterior-posterior

accelerometer output. The errors in accelerometer position due to body

movement during walking were corrected by assuming oscillations of 30 in

the sagittal plane, 8P in the transverse plane and 100 in the coronal

plane. The author reports that the average work values were slightly

higher than those reported by Cavagna, et.al. This system was also

reported to be capable of reducing the accelerometer data to external work

and print the results "while the subjects were walking."

The first study to obtain position information from accelerometer

measurements was begun at Oxford in 1970 by Morris and results were

published in 1973. The purpose of this study was to investigate the

feasibility of accelerome-ry as a technique for determining angular and

translational positions of a body segment, in this case the shank. Five

accelerometers were attached to the shank and linear acceleration,

velocity and position and angular velocity and position of the shank were
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determined in two dimensions(sagittal plane motion). The accelerometer

apparatus is shown in Figure 1-20. The mathematical analysis used is

similar to that discussed in chapter 2 of this study, although simplifying

assumptions were made to reduce it to two dimensions. The signals were

recorded on magnetic tape and analyzed using interactive computer programs

in which the operator selected single step cycles for analysis. This

study reported that the angular and translational velocities of the shank

"reveal the most about the gait of the subject." These quantities are

difficult to obtain accurately from standard cine film or interrupted

light studies. This study also showed that accelerometer data could be

used to provide not only acceleration information, but also velocity and

position information for a body segment.

Similar research at the University of Strathclyde was reported by

Mitchell in 1975. In this study, a six accelerometer configuration for

measuring the position of the shank in three dimensions was tested. The

basic theory used was very similar to that described in chapter 2 of this

study, but a different configuration of the accelerometers was used as

shown in Figure 1-21. The accelerometer apparatus anG associated

electronic circuitry were constructed and the performance of the system

was evaluated on a mechanical four-bar linkage device which simulated the

Motion of the human shank. No computer programs were developed other than

those used in the test to compute angular acceleration and the correlation

between the calculated and measured accelerations was acceptable. There

seems to have been no further development of this system.

A completely independent investigation into techniques of measuring

rigid body motion with accelerometers was reported in 1975 by Padgaonkar.

et.al. The purpose of this research was to develop an all accelerometer

measuring system to measure the motion of the head of either an

anthropomorphic dummy or human volunteer under impact conditions. The
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impacts were normally those associated with automobile accidents and

testing was carried out using a sled rail facility. They reported that i

high impact environments the six accelerometer system will not produce

accurate results and becomes unstable. They therefore developed a nine

accelerometer configuration to eliminate the nonlinear terms in the

equations and allow direct integration of the measured accelerations. In a

letter Liu(197b) concludes that the system of nonlinear equations for the

six accelerometer configuration are unstable and further states

"...one can further assert that no amount of additional
manipulation or clever placement of the six accelerometers would
yield a set of equations which will be stable."

In a second report of this research by Chou and Sinha in 1976 results

of testing the nine accelerometer configuration are presented. This stud-

also states that the equations for the six accelerometer configuration are

unstable and that difficulties with numerical integration methods

precluded obtaining reliable or useful results. The study does report on

the calculation of angular velocity of the head and compares results

obtained from the nine accelerometer configuration and three high speed

motion picture cameras. They report good qualitative agreement, but the

film values are lower than the accelerometer values. The authors also

indicate that the method has been applied to studies of flexion, extensin

and lateral flexion of the neck and results would be reported in the

future.

Other body segments have also been studied using accelerometers. 17

1966 Ayoub reported measuring the acceleration and velocity of the hand.

The study investigated the motion of the hand while industrial tasks of

moving different masses from one location on a workbench to another

location were performed. Accelerometer measurements were integrated to

obtain velocity information, but distance was prescribed in the task to te
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performed. The primary purpose was to determine when and where the maximum

and minimum acceleration and velocity occurred in performing these tasks.

Other studies reported on impact accelerations which occur in walking

when the heel strikes the ground. In 1977 Light and McLellan reported the

differences in accelerations due to footwear. They report that both the

duration and peak acceleration in the tibia are affected by heel

construction and that normal accelerations of 2-8 g's occur in the tibia

when walking. Another study by Guenther in 1968 reported the use of

accelerometers to investigate impact vibrations in walking and running on

various floor surfaces. Accelerometers were attached to the heel, pelvis

and head and accelerations varied from 23-31 g's at the heel to

1.1-2.1 g's at the pelvis to 0.6-1.1 g's at at the head. The author

reports that accelerations at the heel are approximately equal for walking

and running, while the running values approach double those for walking at

the pelvis and more than double at the head.

This review does not include all the studies which have used

accelerometers to measure information of medical or biomedical interest.

It has focused on those studies in which accelerometers were used to

measure some kinematic parameters of human body movement. The principal

interest was in studies of the lower limbs and body using accelerometry.

The theory for implementing the use of accelerometers to obtain

kinematic measurements in this study will be presented in the following

chapter.



CHAPTER 2

THEORETICAL ANALYSIS

2.1 Introduction

2.2 General Equations of Rigid Body Motion

2.3 The Planar Eight Accelerometer Configuration

2.4 Derivation of the Rotational Parameters

2.5 Derivation of the Translational Parameters

2.1 Introduction

This chapter presents the theoretical basis for the accelerometer

measurement system developed and used in this study. The general equations

of rigid body motion are reviewed and the planar eight accelerometer

configuration is developed froin these general equations. The rotational

and translational parameters which describe the motion of a rigid body, in

this study the pelvis, are derived and the differential equations used to

compute experimental results are developed.

I;
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2.2 General Equations of Rigid Body Motion

This section is not intended to present a complete and formal

derivation of the equations governing rigid body motion, but will briefly

summarize the kinematic equations of rigid body motion used in this stud:.

A complete derivation may be found in any good dynamics textbook such as

Greenwood(1965) or Goodman and Warner(1963).

In general, a rigid body has six degrees of freedom which can be

subdivided into three translational and three rotational modes. The

translation of a rigid body can be expressed by three independent

coordinates which specify the location of a fixed point in the rigid bocy.

The remaining three degrees of freedom correspond to changes in the

orientation of the rigid body and can be described by rotational

parameters. This rotational motion is most commonly expressed in terms cf

direction cosines. A set of direction cosines can completely describe tie

rotational transformation from the rotated position of the rigid body tx

the fixed position.

Consider a rigid body moving in space whose location is specified !.

two cartesian coordinate systems as shown in Figure 2-1. The 1,2,3

coordinate system is located in the rigid body(body-centered system) anc

moves with it while the X,Y,Z coordinate system is fixed in inertial

space(fixed system). The general acceleration experienced by the point ?,

located in the rigid body, is given by:

r = R + o + w x n + L x (L x 1) + 2 ' x , (2.1.,

For a rigid body P is a constant(ie. 0 = = 0) so that

=.+ L x + U, x (u x n) (2.2

where

r = acceleration of point P

R = acceleration of the origin of the body-centered syst.-.



z

Figure 2-2. Two Coordinate Systems uith an
Arbitrary Orientit ion.



40

w = angular velocity of the body-centered system relative

to the fixed system

= time rate of change of the angular velocity

P = position of point P as measured in the body-centered

system.

The measured acceleration contains a component due to gravity, thus

a = k + (2.3)

where

a = acceleration measured by an accelerometer

= acceleration due to gravity.

Thus,

a "+ o x p + W x (w x P) + (2.4)

Transforming vectors from the body-centered system to the fixed

system, or vice-versa, requires the use of a rotational transformation

matrix and translation of the origin of the coordinate system. In

general, the rotational transformation matrix is written as:

II

x x x y ix z

[T] = 1 1 1 (2.5)

z X y z 2.

wilerL the I. represent the cosines of the angles between the primed and

unprior)d axis systems as shown in Figure 2-2. Now to transform a vector A
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from the unprimed to the primed system, one only has to perform the

following matrix multiplication.

A [T] A (2.6)

A- Az

Since the transformation matrix is an orthogonal matrix, the inverse

matrix is equal to the transpose matrix and the transformation from the

primed to the unprimed system can be made by using
Ax } x[

I I [T- I{A j (2.7)

Az  Az

The transformation matrix used in this study will be derived in section

2.4.

The calculation of position and velocity from acceleration is

accomplished by integrating the acceleration to obtain velocity

= f(a-g)dt + V (2.8)

and then integrating the velocity to obtain position

r= fv dt + r (2.9)

The acceleration must be determined in a fixed or inertial coordinate

system and the initial velocity,v , and position,r , must be known in

order to perform the above integrations.

The specific equations of motion used in this study will now be

derived from these general equations of rigid body motion.
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2.3 The Planar Eight Accelerometer Configuration

In most inertial measurement systems the rotational parameters are

measured with gyroscopes and the translational parameters with

accelerometers. However, it is possible to eliminate the gyroscopes and

measure the rotational parameters with pairs of accelerometers located on

the rigid body.

If pairs of accelerometers are used to measure a at position P and a'

at position L', then from equation (2.4)

a = R + w x p + w x (w x P) + (2.10)

and

a = R + w x P" + w x (w x 2') + (2.11)

Now if the outputs of these accelerometers are subtracted

a-a = x ( - ) + , x [W, x - )] (2.12)

then the translational terms are eliminated and only the rotational

components remain. Let

a= a - a' and d = p - "

so that

a= x d + w x (w x d) (2.13)

This equation relates the acceleration difference a measured at two points

separated by distance d on a rigid body rotating at angular velocity , as

shown in Figure 2-3.

Now expand equation (2.13) into three scalar equations by performing

the indicated vector operations. The cross product is

(L x d = ( td d )1 + (3d - &Id )2 + (Wd - c2d )3 (2.14)
2 23 32- 3 1 13- 1 2 2 1

Similarly one obtains for the double cross product term

w x (w x d) = [ lW d + W W d (W2 + w2 )d I
S2 2 1 3 3 2 31

[WlW d + w 3 d - 2 + u )d23 2 (2.15)
1 21 2 33 1 32

+ [W 1 d i + w 2w 3 d - (w1 + )2)d 3 3

To form the scalar equations, it is convenient to add a second subscript
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to the d. terms to indicate not only the axis direction, but also the axis

on which the accelerometer pairs are located. The scalar equations

equivalent to equation (2.13) are

L d~~ +W~ (uW + 2j) (2.16)2 = d13 + Li3 d1 3  - t3 d1 2  + OlQ 2 d1 2  -(w2 3 1
2 2

d2 = d w2 d - Wld + w2wBd (2 + w3)d (2.17)
2 3 21 1 2 21 1 23 2 3 23 1 + 322

2 2S i 0 d +w dw - -d(+.18d
3 1 d32 3 d32 2 d31 + W3 d31 (W i + 2)d 3 3  (2.16)

where

single or first subscript = accelerometer measurement direction

in body-centered system

second subscript = axis on which the accelerometer

pair is located

There are nine accelerometer pair locations specified by the d,. terms in

these equations. Since the system has six degrees of freedom, only three

pair locations must be retained to solve the equations.

For this study it was desirable that the measurement system be as

compact in size as possible. Therefore, all accelerometer pairs were

located in one plane, the 1-3 plane, so that all di2 = 0, thus:
2 i2

1= •d +2 Wd
a 2d13 1 3d13 2 + (2.1)

=2 lj+ wd - Wid + wd(.
a2 w3d21 + 2 21 1 23 + W2 WA (2.2C)

03 = d + d d ( + d (2.2A
2 31 1 3 1 2 33

Theoretically the solutions to equations (2.19), (2.20) and (2.21) require

only six independent measurements (ie. three accelerometer pairs) and

there are six pair locations remaining. Other studies by Grammaticos(19C5)

and Schuler(1965) have shown that if the w- terms are retained additional

sensors must be incladed to determine the direction of the components of

the angular velocity w. This is a result of the mathematical operation cf

taking a square root

W + w' - a. /d. or - U- - d. (2.22)
k j 1 ti 1 1iwhich requires the additional semsor to determine if the resultant w. is i
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Figure 2-4. The Planar Eight Accelerometer Configuration
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positive or negative. Eliminating the accelerometer pair locations

involving squared terms, ie. d = d33 0, results in

a, = 2 d1 3  + wlw 3 d1 3  (2.23)

a 2 =  3d21 + uWd -w2d23 + 2W3d23 (2.24)

a 3  2 d31 + '1'3 d31 (2.25)

There now remains one redundant accelerometer pair location. Before

eliminating this pair, it is useful to observe that if d13 = d31 then

subtracting equation (2.25) from (2.23) results in

(a - C3)/2d13 (2.26)

Therefore, if both locations d and d are retained for accelerometer
13 31

pairs, W2 has been uncoupled from wI and w3 and can be computed by direct

integration of equation (2.26). Equation (2.24) contains two accelerometer

pair locations; one pair d21 located on the I axis and the other pair d2-

located on the 3 axis. The corresponding equations are:

a2  d + w 2 d (2.27)2 321 1 221

, - d + w w d (2.28)21 23 2 -- 23

or rearranging yields

wI  = W .- </d_ (2.29)

= - I- + /d, (2.30)

Thus, using eight accelerometers (four pairs) mounted in a single plane,

the three first order, non-linear differential equations which may be

solved for the components of _w are:

= W W C2  (2.31)

2 3 2 2 31 () /2d]

=(a ) / (2.32)

3 wU 2  + a2/d (2.33)
1 1p2 1l

The corresponding accelerometer layout is shown in Figure 2-4.
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The solution of equations (2.31), (2.32) and (2.33) for the angular

velocity w is accomplished by:

(1) measuring the distances d13' d21 and d23

(2) determining the initial values of al) a2 and a.

(3) measuring and recording the accelerometer outputs

(4) integrating the set of differential equations.

The result is the angular velocity vector

1 wl+ w 2 + w3 (2.3/.)

for the body-centered system relative to the fixed system. With the

angular velocity of the systems determined, one can now solve for the

rotational parameters; the transformation matrix and the orientation

angles.
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2.4 Derivation of the Rotational Parameters

The orientation of the body-centered (1,2,3) system relative to the

fixed (X,Y,Z) system, as shown in Figure 2-5, can be expressed by several

different sets of parameters. Three such sets, as discussed in NASA CR-

968(1968), are

(I) nine direction cosines which relaLe each of the body-

centered axes to the fixed axes

(2) four quaternians which include a unit vector specifying the

axis of rotation and a scalar specifying the magnitudL of

the angle of rotation

(3) three Euler angles which indicate successive rotations about

the body-centered axes in a specified sequence.

The general computational scheme of each of these sets is discussed and

the set of parameters used in this study are developed.

Let CB represent the transformation matrix required to convert a
R

vector V expressed in body-centered coordinates to the parallel vector V_p r

expressed in fixed coordinates where the transformation is given by

V = C V (2.35)
R R B

In terms of the direction cosines

C C
CIX 2Y: C123

CB  C C C

To solve for these nine direction cosines the foilowing equation, from

Broxmeyer(1964), must be integrated

.3 2C'= C (2.37)

where

= r 0 - (2.3R)

L,
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and all variables are functions of time.

Expanding equation (2.37) results in three sets of three differential

equations

ix 3 iz W

C y - C i- i = 1,2,3 (2.39)

Ci. = ci 2  - civiL iX 1 iY.

To determine the transformation matrix requires the integration of these

nine equations. Since only four of the nine direction cosines are

independent, computational errors in this integration may lead to a non-

orthogonal matrix. This can be corrected by an iteration method which

produces an orthogonal matrix through insuring that the sum of the squares

of each row and column equal unity as described in Morris(1973).

Therefore if direction cosines are used as the parameter set, nine

equations must be integrated and an additional computation is required tj

orthogonalize the resulting transformation matrix.

If the quaternian set of parameters are used then

q2+q2_q2_q2 2(q q -q q ) 2 (q q +q q )
0 1 2 3 1 2 0 3 0213

C = 2 ) qo -q i q 2 - q_ 2 3qq
C(q 2 (q q +q q q +q q2  2 (q q -q q ) (2.4C)

2(q qq -qqq) 2 q-q2q2+q2j
I I 0 1 2 3 J"

The solution for the quaternians (q ,qlq,q _ ) requires the integration of

the following four differential equations from NASA CR-968

qo -l/ 2 (qi +q~ _ +q c)

= I/ 2 (ql +q"", 2 -q (2.41O'll
q 1= /2(-q3 q +q' •

2 31 02

q= 1/2(q +q +q21 +q +q

Jhe quaternian parameters are based on Euler's theorem as stated in

(,r(unwood ( 1965)

"The most general displacement of a rigid body with one point
:xtd is equivalent to a single rotation about some axis through that
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Figure 2-6. The Initial Arbitrary Orientation of the Body-Centered

and Fixed Coordinate Systems.
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Figure 2-7. Rotation About the 2 Axis through Angle 8 to Bring
the 1 Axis into the XY Plane.



The four quaternians are composed of a unit vector which represents tile

axis about which the rotation occurs and a scalar which represents the

magnitude of the angle of rotation. One of these variables i. not

independent and therefore the resulting transformation matrix must be

orthogonalized as was done in the direction cosine parameter set.

Therefore, if the quaternian set of parameters are used, four differential

equations must be integrated and an additional computation to

orthogonalize the transformation matrix is required.

If the Euler angle set of parameters are used, only three

differential equations must be integrated and since all variables are

independent, no additional computation to orthogonalize the transformation

matrix is required as the resulting matrix is orthogonal. One dditioo'a1

advantage is the relative ease of relating the mathematical equations tc

the physical orientation of the coordinate systems. The principal

disadvantage of the Euler angle set of parameters is that a singularity

normally occurs in the mathematical equations. It will be shown that this

presents no problem in this study. Because of the reduced computational

requirements and the clear physical relationship between the mathematical

equations and the orientation of the coordinate systems, the Euler angle

set of parameters were used in this study. A complete derivation U1 the

Euler angles will now be presented.

When Euler angles are used for the t-ansformation from the body-

centered system to the fixed system, three rotations are required to bring

the two systems into alignment. An initial general orientation of the tiw-

systems is shown in Figure 2-6. The following rotations are used to brinz

the body-centered system into alignment with the fixed system

(1) bring the I axis into the XY plane by rotating about the 2

axis through angle 0 as shown in Figure 2-7.



Figure 2-8. Rotation about the 1' Axis through Angle 4 to
Align the 3' Axis with the Z Axis.

ZI

z

Figure 2-9. Rotation about the Z Axis through Angle B to
Complete the Alignment of the Body-Centered
and Fixed Coordinate Systems.

an ie oriaeSses
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(2) bring the 3' axis into alignmcnt with the Z axis by rotating

about the I' axis through angle ¢ as shown in Figure 2-8.

(3) complete the alignment by rotating about the 3" axis

through angle as shown in Figure 2-9.

The single axis matrices corresponoing to these rotations are

Cs 6 0 -sin 0

P, = 1 0 (2.42)

sin 0 0 cos 6

= I O0

C 0 cos sin (2.43)

L -sin cos j

Cos sin 0
C -sin 6 cos 0 (2.4)

0 0 1

These matrices were developed from general coordinate rotations about a

single axis as presented in Bate, Mueller and White(1971). The

corresponding transformation matrix is given by

cB CQCPCB (2.45)

Carrying out the indicated matrix multiplication results in the

transformation matrix

cos6cos6+sin6sin0sinF cos~sinP -sin6cos6+ cos0sinsin

C cossin+sin()sin cos6 cos~cos sin@sinp+ cos0sinqcos- (2.4t

sin~cos4 -sin cos6cosd.

Now differentiate equation (2.45) to obtain

B Q-POI + CQ-PCB + C! rCB (2.47)R Q ' R Q P RQP
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Recalling that for orthogonal systems
B PI- 1 P Q R

CB C = PQ (2.48)

substituting equations (2.47) and (2.48) into equation (2.37) results in

R.B P Q RQ PB P Q RQ*PB 1Q Q
= CBCR CBCPCQCRCQCP + CBCPCCCC + cQC cP (2.49)

R Q Q P
or since CQ CR= CQ = I, the identity matrix

F B PQ.PBP Q B
GBCP + CBCFCQC + CBCpCQCCQCP (2.50)

The products CSc appearing in equation (2.50) can be obtained from
Ins

equations (2.42), (2.43) and (2.44) by multiplying the derivative of the

appropriate matrix by its inverse, thus

P -BQ= C = 0 0 0 (2.51)

S= CQ = 0 0 0] (2.52)S P Q

0 ¢ 0

0 0 0

Substituting equations (2.51), (2.52) and (2.53) into equation (2.50)

results in

= +c c + C'C 'c c C (2.54)-, B¢p

Since ,6, € and 2o. are all antisvmmetric matrices and all single axis

rotation matrices are orthogonal, the similarity transformation applies so

that equation (2.54) can be rewritten in vector form as

= + CB  + C (' ) (2.55)

e h m
Performing the matrix multiplications indicated in the second and third
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terms results in

'0 cosO , sinecos

W + 0 + -sin (2.56)

W 0 -sine € cosO cos

The corresponding scalar equations are

W, = cosC $ + sine cos 6 (2.57)

W = 6 - sinq B (2.5b)

W = -sine $ + cos0 cos (2.59)

Rearranging these equations results in the set of non-linear, first order

differential equations for the Euler angles

= tan (sine w + coso W3) + " 2  (2.60)

= cose sine w (2.61)

3
-- sec (sine w 1 + cos0 w 3 (2.62)

The singularity mentioned previously occurs in equations (2.60) and

(2.62). If the angle becomes either 90 or 270 degrees, then the right

hand side of those equations becomes infinite. This will not be a problem

in this study as the maximum angles expected for pelvic movement are on

the order of +15 degrees. Therefore, at no time should the singularity be

encountered during computation of actual walking data.

The rotation angles 0, and 6 can now be determined by integrating

equations (2.60), (2.61) and (2.62) simultaneously since w and can

be computed using the results of section 2.3. The required transformation

matrix is then computed from equation (2.46) and any vector can then be

transformed from the body-centered system to the fixed system. The

acceleration measured in the body-centered system must be transformed to

the fixed system before it can be integrated to yield translational

velocity and position information.
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2.5 Derivation of the Translational Parameters

The translational parameters of interest in this study are the

acceleration, velocity and position of the body-centered system relative

to the fixed system. The origin of the body-centered system is a point

fixed within the rigid body. Therefore if the translational parameters of

the origin are known as a function of time the translational motion of the

rigid body is also known.

From the layout of the accelerometers as shown in Figure 2-4 it is

apparent that the accelerometer pairs have been placed symmetrically about

the origin of the body-centered system. Therefore, in vector notation, the

locations for each accelerometer within a pair are given by p and p' and

because of the symmetry

0= p j (2.63)

For example, the locations of the accelerometer pair on axis 3 are given

by

P = d 13/2 3 [accelerometer all (2.64)

p" = -d 13/2 3 [accelerometer a ] (2.65)

Rewriting equation (2.4) for an accelerometer pair, then

A = R + W x P + W x (w x P) + (2.66)

a' = R + U x P" + W x (W x P') + g (2.67)

Substituting equation (2.63) into equation (2.66) yields

a = R - W x P" - W x (W x 0') + (2.68)

Now adding equations (2.67) and (2.68) one obtains

a+ a' = 2R + 2& (2.69)

or

1= 12(a + a') - g (2.70)
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The acceleration of the origin of the body-centered system R must te

expressed in the fixed system before it can be integrated to yield

velocity and position. The accelerations a and a' have been measured in

the body-centered system and therefore they must be transformed to the

fixed system before equation (2.70) is integrated. The transformation

matrix is known and therefore the acceleration is given by

B a
= CR (a + a')/2 (2.71)

The gravitational acceleration is given in the fixed system by

£ -1 Z (in g's) (2.7)

Therefore the acceleration of the body-centered origin expressed in fixed

system coordinates is

R A- (2.73)

With the acceleration of the origin of the body-centered system determined

the velocity is given by

V= fR dt + V (2.7-)

A second integration yields the position of the origin of the body-

centered system, thus

R= fV dt + R (2.7:)

Using the methods developed in this and the preceding sections the

rotational and translation motion of a rigid body can be completely

determined from accelerations measured by four pairs of accelerometers

located on the rigid body. The measurement equipment designed to conver:

this theory into practice will be presented in the next chapter.



CHAPTER 3

THE EXPERIMENTAL APPARATUS

3.1 Introduction

3.2 The Accelerometer

3.2.1 Design Considerations and Specifications

3.2.2 Design Analysis
3.2.3 Fabrication and Testing

3.3 The Electronic Equipment
3.4 The body Mounting Method

3.5 The Calibration Method and Equipment

3.1 Introduction

In this chapter a description of the measurement equipment developed

during this research study is presented. A general description of the

equipment is followed by a detailed outline of the design, fabrication and

testing of the accelerometers produced during this study. The electronic

equipment designed and constructed to operate the accelerometers is

discussed and the method used to mount the accelerometers on the pelvis of

the subject is presented. The chapter concludes with a description of the

calibration method and equipment and a discussion of the methods used to

ensure temperature stability during data collection.

The purpose of the measurement equipment was to measure, and store in

the computer for further data processing, the outputs of the eight

accelerometers worn by the subject. These outputs were in the form of

analog voltage levels which were converted into digital form for storage

in the computer. The stored values were then converted to acceleration

values using the results of the calibration procedure. The method of

calibration, data collection and storage, and data processing by the

computer will be discussed in chapter 4.



Figure 31. Body Mounted Equipment on Wlaking Sub-ject.
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The accelerometers were located within an equipment package mounted

on the pelvis of the subject as shown in Figure 3-1. This body mounted

package is described more completely in section 3.4. A subminiature 15 way

cable connects the body mount to the electronic equipment rack and serves

to transfer electronic signals between these two sets of equipment. This

cable is small and lightweight and does not interfere with the movement of

the subject during walking.

The electronic equipment was housed in the electronic equipment rack

located beside the PDP 11/34 computer and was connected to the computer

with short cables. The electronic rack and computer are shown in

Figure 3-2. The electronic rack contained the bridge circuits, power

supplies, output amplifiers, filters and sum and difference amplifiers

required to process the output signals from the accelerometers for input

to the computer. The design of the components of the electronic rack is

described in detail in section 3.3.

Before data collection from a subject could begin, it was necessary

to temperature stabilize and calibrate the accelerometers contained in the

body mount. This stabilization and calibration were accomplished using the

calibration rig shown in Figure 3-3. The calibration procedure, a

description of the calibration equipment and a discussion of the

temperature stabilization procedure are presented in section 3.5.
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Figure 3-2. PDP 11/34 Computer and Electronic Equipment Rack.

Figure 3-3. Body Moumt on Calibration Rig.
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3.2 The Accelerometer

in the following subsections the design criteria for the

accelerometers which were built for use in this study are presented. The

theoretical analysis on which the design was based and the fabrication and

testing of the accelerometers are reported.
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3.2.1 Design Considerations and Specifications

The selection of a suitable accelerometer for this research involved

determining the characteristics crucial to successful data acquisition.

The criteria determined to be most important were small size, low weight,

high sensitivity, low thermal drift and low cost. Based on preliminary

estimates of the maximum expected acceleration values the accelerometer

was required to have an operating range of +5 g's. The accelerometer had

to be as small and light as possible in order to minimize the size and

weight of the equipment to be attached to the pelvis of the subject.

The sensitivity and zero g offset of an accelerometer are measured,

prior to collecting data, by a calibration procedure. The sensitivity, in

volts/g, is determined by rotating the accelerometer about an appropriate

axis so that the maximum and minimum output voltages are determined. The

sensitivity is then determined from (maximum voltage - minimum voltage)/2

as the maximum and minimum voltages correspond to the +1 g and -1 g

positions in the gravitational field. Changes in the sensitivity may be

caused by changes in the power supply voltage or temperature. With the

stabilized power supply used in this study, the typical variation in

sensitivity is 0.03%. The sensitivity also changes with temperature; a

typical specification is -0.3;/0 C which indicates that the output of the

accelerometer will decrease by 3% for every 100 C the temperature

increases. These changes are small and not a serious cause for concern.

The major temperature effect is the variation in zero offset voltage

which can result in serious errors during data acquisition. In Mitchell's

research using accelerometers at the University of Strathclyde (1975) he

found that cupping his hand over an accelerometer produced a zero shift of

0.15 g's in 7 minutes. This zero shift had not stabilized to a new value

and immediately began to shift in the opposite direction when he removed

his hand. Morris(1973) reported similar difficulties during the
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calibration of his transducers. The solution in both cases was insulation

of the transducers to minimize temperature changes between calibration and

data acquisition. An accelerometer with low thermal zero shift must be

used in order to minimize such difficulties.

In summary, the following accelerometer specifications were deemed

essential to the successful completion of this research:

(a) small size and low weight

(b) operating range +5 g's

(c) high sensitivity

(d) low thermal zero shift

(e) low cost.

A comprehensive search of commercially available accelerometers was

made in 1975 for suitable accelerometers. The cantilever beam, strain

gauge type of accelerometer construction was selected based on the size,

weight and sensitivity requirements and a previous analysis by

Morris(1973). Other types of construction, such as force-balance and

piezoelectric crystal, did not meet one or another of the desired

specifications. Since this particular use of accelerometers was relatively

unusual, no commercial accelerometers were found which entirely satisfied

the desired specifications. However, the Aksjeselskapet Mikro-

Elektronikk(AME) Company of Horten, Norway had developed a silicon beam

sensing element, the AE800 series, which they manufactured and used in

producing accelerometers. The lowest operating range manufactured at that

time was +75 g's. The specifications of this silicon beam and

applications for measuring acceleration are contained in Appendix A.

As no suitable accelerometers were available from commercial sources,

it was decided to design and build accelerometers for this study. The next

section outlines the design analysis which was used.
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Figure 3-4. Cantilever Beam Accelerometer.
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3.2.2 Design Analysis

The accelerometer design was based on drawings kindly supplied by the

AME Company and consisted of a mass supported by a cantilever beam as

shown in Figure 3-4. The cylindrical brass mass is supported by two

beryllium copper beams on either side of the silicon beam sensing element.

The design is primarily sensitive to accelerations in one direction (x)

with minimal response to axial acceleration (y) or acceleration parallel

to the plane surfaces of the beams (z-direction) since the beams stiffness

is much greater in these directions. When the accelerometer undergoes an

acceleration in the x direction a deflection of the beam is produced which

is proportional to the applied acceleration for small deflections. The

silicon sensing element has resistors diffused into the upper and lower

surfaces such that when the beam deflects, putting one surface in tension

and the other in compression, the change in resistance is proportional to

the amount of deflection. More details of the structure and use of the

silicon beam may be found in Appendix A.

The method used to analyze the deflection characteristics of the

cantilever beam due to an applied load P, produced by an acceleration, was

the double integration method. This is a common technique and is outlined

in Higdon, Ohlsen and Stiles(1960). Using the variables and sign

conventions shown in Figure 3-5, the moment equation is

El d y/dx Px - P(A + 1/2) (3.1)

where

E = modulus of elasticity of the beam

I = moment of inertia of the beam

P = the applied load

Integrating equation (3.1) yields

2El dy/dx = P(x /2 - Ax - lx/2) + C (3.2)

Applying the initial condition that at x-0 dy/dx=O, results in C = 0. ItL _ 1
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is now possible to determine the slope of the deflected beam at point A

(the base of the mass) from

dy/dXIA = - PA(A + l)/2EI (3.3)

Integrating equation (3.2) results in

El y = P(x 3/6 - Ax2/2 - lx 2/4) + C 2  (3.4)

Now applying the initial condition that at x=O y=O, results in C 2 = 0.

Thus, the deflection of the beam y at any point x (between x=0 and x=A) is

given by

y = p(x 3/6 - Ax 2 /2 - ix 2 /4)/EI (3.5)

Therefore the deflection of the end of the silicon beam, point C, is

given by

= yA + dy/dx)A(C - A) (3.6)

It is assumed that the mass does not deflect internally and therefore the

slope is constant over length 1. Setting x=A and substituting equation

(3.5) and (3.3) into equation (3.6) results in

2
YC= - PA(-A /3 - Al/2 + AC + C)/2EI (3.7)

The force P can be expressed as

P am = aipF1 (3.8)
where

a = the applied acceleration

m = mass of the brass cylinder

p6 = density of brass

r = radius of the brass cylinder

1 = length of the brass cylinder
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The stiffness of a single cantilever beam is

El = E w t3 /12 (3.9)

for a rectangular cross section, where

E = modulus of elasticity of beam material

w = beam width

t = beam thickness

Since the supporting beam is composed of two materials, beryllium copper

and silicon, and the beams have different dimensions, the total stiffness

is given by

El = E l-B + EC L. (3.10)

where

EI = stiffness of the beryllium copper beam

ECIC = stiffness of the silicon sensing beam

Using equations (3.7), (3.8), (3.9) and (3.10), it is now possible to

determine the physical dimensions for a specific accelerometer operating

range. The following variables are known from the mechanical properties of

the beams and mass section and the desired operating range of the

accelerometer:

a = maximum acceleration, +5 g = +49.0 m/sec
2

YC = maximum end deflection of silicon beam, 0.1 mm

E = modulus of elasticity(beryllium copper),B

1.186 x 1V~ Newton/rm
2

E = modulus of elasticity(silicon), 1.569 x 10 Newton/mm2
C

= density of machine brass, 8.496 x 10-6 kg/mm
3

wC = width of silicon beam, 1.0 mm

tC = thickness of silicon beam, 0.1 mm

C = length of silicon beam, 5.0 mm
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The unknown variables are:

A = length of beryllium copper beam

w = width of beryllium copper beam

t = thickness of beryllium copper beam

r = radius of the brass cylinder

1 = length of the brass cylinder

If values for A, w, t and r are selected, then 1 can be solved from a

rearrangement of equation (3.7) which yields

12 + b 1 + d = 0 (3.11)

where

b = (2/3)[(3AC -A2 )/(2C - A)]

S4EIYc/aBr2A(2C - A)

The design process now involves:

(1) selecting values for A, w, t and r

(2) solving equation (3.11) for 1

(3) deciding if this solution produced acceptable sizes

(4) if not, adjusting A, w, t and r until the sizes are

acceptable.

To facilitate this design process a short program was written for a

Hewlett Packard HP-20 computer. A listing of the program and sample

results are contained in Appendix B. In addition to the dimensions of the

accelerometer other accelerometer specifications are computed by this

program and these will now be discussed.

In order to ensure that the elastic limit of the beryllium copper

beam was not exceeded, the maximum stress occurring in the upper surface

layer of the beam at the wall support was computed using

o = P(A + 1/2)t/21B (3.12)
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The resonant frequency was computed from

3
fn = (1/2n) 3EI/[m(A + 1/2)] in Hz (3.13)

This equation has been adapted from information given in Appendix A. The

dynamic deflection due to a periodic acceleration of frequency f Hz is

then

Ydynamic = yC /[ - (f/fn ) 21 (3.14)

For this analysis it was assumed that the acceleration frequency was 2 Hz.

The deflection difference due to dynamic deflection is given by

Ly = y - y (3.15)
dynamic C

This dynamic deflection must be small relative to the primary deflection

as it represents an error in the output of the accelerometer.

Cross axis error is of major concern in accelerometer design. This

error is the presence, in the output, of accelerations from directions

other than the sensitive axis direction. In this design this error was

primarily due to accelerations applied to the end of the beam. This

acceleration produces a load P' which will increase any deflection present

in the beam as shown in Figure 3-5. This cross axis error can be estimated

using the double integration method.

If one assumes that the deflections are small and that the

acceleration producing the load P' is approximately equal to that

producing P so that P = P', then equation (3.1) becomes

El d 2y/dx 2 = P(x - A - 1/2 - D) (3.16)

To estimate the maximum possible cross axis error, D was assumed to be
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constant and equal to the maximum deflection possible, that is

D = yA + dy/dx'Al/2 (3.17)

Integrating equation (3.16) and substituting equation (3.17) for D in the

result produces the slope and deflection equations for the end loaded

beam.

dy/dxIA = -PA(A + 1 + 2 yA + dy/dxIAl)/2El (3.18)

2 dd
YA =-PA (A/3 + 1/4 + yA/2 + dy/dX l/4)/El (3.19)

The maximum deflection for the end loaded beam at point C can still be

computed using equation (3.6). However, equations (3.18) and (3.19)

require an iterative solution and when this is accomplished, the cross

axis error can be computed from

y (end loaded) - y (no end load)
% cross axis error = (3.20)

y (no end load)

The sensitivity of the accelerometer was computed using a rearrangement of

an equation from Appendix A, thus

L u/u = Pl't A/4EI (in mV/V) (3.21)

where

1' = 3.0 + 1/2, the distance from the center of

mass to the center of the diffused resistors

= 60, the gauge factor of the resistors

The term P/El can be found in terms of the deflection yC from equation

(3.7)

P/El y /H (3.22)

where

2
H - A(-A /3 - Al/2 + AC + 1C)/2 (3.23)

The sensitivity per unit deflection was therefore

Lu/u/yC = l'tA/4H (3.24)
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This sensitivity is normally specified per g of acceleration and in this

case is given by

Au/u/g = (l'tX/4H)(yC/a) (3.25)

where a maximum acceleration a (in g's) produces a maximum deflection YC

(in mm).

To ensure an adequate clearance between the accelerometer housing and

the suspended mass, the deflection of the end of the cylindrical mass must

also be computed. This end deflection yk was calculated from

= YA + 1 dy/dx'A (3.26)



66

Using the analysis presented in this section, ,n accelerometer design

was completed with the following theoretical specifications:

Operating range: +5 g's

Sensitivity: 4.2 mV/V/g

Cross axis sensitivity: < 3.5 % FS

Resonant frequency: 64 Hz

Non-linearity and hysteresis: < I % FS

Operating temperature range: -40 to +850 C

Nominal resistance: 1000 ohms

Resistance matching: < 10 %

Thermal sensitivity shift: -0.2 %/°C

Thermal zero shift: < 0.005 %/FSV/°C

Weight: 10 grams

A complete set of drawings for this accelerometer design are contained in

Appendix C.

The preceding analysis was based on the cantilever beam and mass

being surrounded by air. However, in most accelerometers the beam and mass

are immersed in a viscous fluid to provide a slightly underdamped

response. The viscous fluid increases the natural frequency of the device,

which is desirable, but decreases the sensitivity which is undesirable.

This decrease in sensitivity is normally of the order of 5-10 % which

presents no problem.

The accelerometer designed in this study was filled with silicon

fluid with a viscosity of 100 centistokes. This viscosity was arrived at

experimentally by observing the frequency response of the accelerometers

when filled with fluids whose viscosities were 23, 50 and 100
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centistokes. Silicon fluid was selected because of the following features:

(I) small variation in physical properties over a wide

temperature range

(2) relatively flat viscosity vs. temperature slope

(3) good dielectric properties

(4) low toxicity

(5) no chemical reaction with most common materials.

The use of this fluid slightly reduced the sensitivity and produced the

desired slightly underdamped response as will be shown in the testing

section.

The fabrication and testing of the accelerometer designed using the

preceding analysis will be discussed in the next section.
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3.2.3 Fabrication and Testing

The accelerometers designed using the analysis presented in the

previous section were fabricated from the drawings contained in Appendix

C. All components were machined from brass with the exception of the

beryllium copper beam section and the screw which fits into the end of the

accelerometer housing. This screw was a standard #2 BA steel grub screw

from bench stock. The beam section was fabricated by machining an

electrode of the specified shape. This electrode was then used in a spark

erosion machine to spark erode the beam section from standard 0.006 inch

beryllium copper shim stock. The individual beam sections were then

annealed to maximum hardness.

The accelerometer was assembled by cementing the mount, beam and

weight sections together using Araldite cement. This assembly was

performed under a microscope to ensure proper alignment of these sections;

the completed assembly is shown as Part A in Figure 3-6. After the cement

was properly cured, the silicon beam sensing element, Part B in Figure 3-

6, was inserted in the center hole of the mount, again using a microscope

to ensure proper alignment. The end of the silicon beam was cemented to

the weight and the silicon beam cylindrical header was cemented to the

brass mount, again using Araldite.

The internal assembly was then inserted into the housing and secured

in place with a #12 BA brass screw. The mounting end of the housing was

then filled with silicon caulking compound to provide a seal. After

curing, the accelerometer was then immersed in the silicon fluid with the

open end of the accelerometer housing upward. The immersed accelerometers

were then placed in a vacuum desiccator jar and evacuated to allow air

bubbles to escape from the interior of the accelerometer. The evacuation

process was repeated several times to ensure that no air remained trapped

inside the accelerometer housing. The #2 BA grub screw was then installed
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Figure 3-7. Typical Accelerometer Calibration Curves.
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to seal the accelerometer housing. After fabrication and assembly the

accelerometers were tested to determine their actual specifications.

An accelerometer was first mounted on a platform which allowed 3600

rotation about a horizontal axis. The required resistance bridge and power

supply, discussed in section 3.3, were used. A more complete calibration

technique than used in these tests is presented in section 3.4. The 3600

rotation corresponds to a change from +1 g to -1 g of acceleration. The

sensitivity is computed using

maximum voltage - minimum voltage (mV)
__________________________________(3.27)

2 (g's) x power supply voltage 
(volts)

The initial test results, with a supply voltage of 5.382 volts yielded a

sensitivity of 4.16 mV/V/g which compares very favorably with the

theoretical design value of 4.2 mV/V/g.

The cross axis sensitivity tests were made during calibration for

data collection. During the calibration each accelerometer output would

ideally be zero in four of the six calibration positions. The maximum

output voltage for the four zero positions was assumed to be a measure of

the maximum cross axis error for an accelerometer. The maximum cross axis

error was then computed by dividing the maximum zero position voltage by

the accelerometer full scale voltage. The mean cross axis error was 0.35 ;

FS with a maximum of 1.4 % FS and a minimum of 0.01 % FS. Therefore, the

measured cross axis sensitivity specification is < 1.5 % FS which is less

than one-half the design value.

The excellent linearity of resistive beams is well known and other

authors have described in detail tests of accelerometer(transducer)

linearity. In particular Mitchell(1975) has shown that even when the

bridge and amplifier circuits are grossly out of balance, the calibration

curve remains linear and merely shifts due to the out of balance condition

as shown in Figure 3-7. However, a linearity test was performed for the
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range ±15' about the +1 g position. The resulting measurements and results

are shown in Table 3-1. The angles were measured using a leveling

protractor from a machinists combination set with an accuracy of + 0.250.

The measured angles were corrected by subtracting the angle at which the

maximum voltage occurred (-1.5) as this position corresponds to the 00

position. The computed angles were determined by taking the inverse cosine

of the measured voltage divided by the maximum voltage. The angular

sensitivity was computed by dividing the measured voltage by the product

of the cosine of the computed angle and the supply voltage. The deviation

of the angular sensitivity from the calibrated sensitivity was used as a

measure of the linearity of the accelerometer. The maximum deviation was

0.005 mV/V/g and therefore the linearity is better than 0.15 % for the

range tested. Thus, the design linearity specification of < 1 % is valid.

Comparing the angular differences between the measured and computed

angles, the mean difference is 0.200 with a maximum value of 0.480 . It

was concluded from this test that the accelerometer, when properly

calibrated, can measure angles in the +150 range about the +1 g position

to a typical accuracy of +0.20 and with a maximum error of +0.50.

The undamped natural frequency was determined by clamping the housing

oi an accelerometer which had not been filled with silicon fluid to a work

bench and then exciting it by a sharp tap with a metal rod. The response

was observed on a storage oscilloscope and then photographed. The

resulting oscillation is shown in Figure 3-8. The period of the

oscillation was approximately 0.0125 seconds which corresponds to a

frequency of 80 Hz. The predicted frequency was 63 Hz and since a higher

natural frequency was desirable, the measured natural frequency was better

than design.



Figure 3-8. Undamped Accelerometer Response.
Vertical scale: 2 volts/div
Horizontal scale: 5 msec/div

4

Figure 3-9. Damped Accelerometer Response.

Vertical scale: 1 volt/div
Horizontal scale: 5 msec/div
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No attempt was made to determine quantitatively the exact damping

ratio for an accelerometer filled with silicon fluid. However, response

curves for a damped accelerometer were obtained to show that the response

was slightly underdamped. A typical response to a sharp tap with a metal

rod is shown in Figure 3-9 and is consistent with a damping ratio range of

0.5-1.0 which is the specified value.

In addition to the above tests, a check was made to ensure that the

cylindrical masses suspended on the beam were of the proper weight. A

total of 12 masses were weighed using a balance accurate to 10 grams.

The mean mass was 2.339 grams with a standard deviation of 0.005 grams.

The maximum deviation was 0.015 grams which corresponds to 0.65%. The

design mass was 2.382 grams and therefore the actual mass exceeded the

design value by 1.8%. This was much better than expected.

As indicated in section 3.2.1, one of the major problems with

accelerometers used in this type of research has been zero shift due to

temperature change. Extensive testing of thermal zero shift was performed

under controlled conditions to determine accurately the thermal zero shift

specification for these accelerometers. During this testing it became

evident that a minimum warming period of 2 hours 45 minutes was necessary

to stabilize the accelerometer output.

Thermal zero shift tests were conducted on nine accelerometers. The

accelerometers were allowed to warm for a minimum of 3 hours at which time

the initial temperature was measured and the accelerometers were

calibrated. Using a controllable fan heater, described in section 3.5, the

temperature was then raised and allowed to stabilize at which time the

accelerometers were again calibrated to determine the zero offset voltage.



Test
Number 1 2 3 4 Avg.

Temperature 26-38 21-32 22-32 31-37
Range ("C)

Accelerometer

Number Thermal Zero Shift (%/VFS/0 C)

1 .039 .040 .029 .028 0.034

2 .006 NT .008 .013 0.009

3 .002 .001 .009 .001 0.003

4 .001 .002 .001 .001 0.001

5 .004 NT NT NT 0.004

6 .005 .007 .007 .005 0.006

7 .007 .005 .003 .001 0.004

8 .001 .0003 .0005 .001 0.001

9 NT NT NT .034 0.034

Note: NT indicates no test, only 8 accelerometers
could be tested at one time.

Table 3-1I. Thermal Zero Shift Test Results
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The thermal zero shift was then computed using

V

thermal zero shift x 100% (%/VFS/°C) (3.28)
VFS x VPS x AT

where

V = measured voltage change (volts)

VFS = full scale voltage range (volts)

VPS = power supply voltage (volts)

AT = temperature change (0 C)

The temperature changes and resulting thermal zero shifts are shown in

Table 3-11. Five of the nine accelerometer zero shifts were less than the

design specification of 0.005 %/VFS/ 0C. One accelerometer exceeded the

specification by 20 %(number 6), one exceeded it by 80 %(number 2) and two

exceeded it by 580 %(numbers I and 9).

Zero shift can be caused not only by temperature change, but also by

mechanical means within the accelerometer support system. Two possible

causes are mechanical movement of the cantilever beam assembly during the

calibration procedure due to a loose fit between the accelerometer housing

and the cantilever beam mount or relative movement between the beryllium

copper beams and the silicon beam sensing element. There are other

possible mechanical causes none of which can be accurately assessed as

internal movement cannot be detected. Therefore, it was concluded that the

large zero shift of accelerometers I and 9 were due to unknown mechanical

problems and not to temperature changes. With the proper control of the

temperature of the apparatus, as discussed in section 3.5, the effects of

this anomalous thermal sensitivity were reduced to acceptable levels.

If the zero shifts of accelerometers I and 9 are omitted, the mean

zero shift due to temperature change was 0.004 %/VFS/ 0 C. Therefore, it

was concluded that the design specification of < 0.005 %/VFS/*C was

accurate. This zero shift can also be expressed as 0.0005 g's/ 0C. These



Operating range: + 5 g's

Sensitivity: 4 mv/v/g

Cross axis sensitivity: <1.5% PS

Resonant frequency: 80 Hz

Non-linearity and hysteresis: <1% FS

Operating temperature range: -40 to +85 °C

Nominal resistance: 1000 ohms

Resistance matching: <10%

Operating voltage: 10 Volts (maximum)

Thermal sensitivity shift: -0.2%/0C

Thermal zero shift: < 0.OO5%/FS/°C
or <0.0005 g's/ 0 C

Damping: 0.7 - 1.0

Weight: 10 grams

Figure 3-10. Accelerometer Specifications.
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thermal zero shift measurements are total system shifts including the

drift of the electronic bridge circuits, amplifiers, filters and the

analog to digital converter as the specifications were computed from

voltages stored in the PDP 11/34 computer using the calibration program.

The effect of this zero shift on calibration and data reduction will be 3

discussed in chapter 4.

The verified specifications for the accelerometer are shown in Figure

3-10. The electronic equipment required to operate the accelerometers and

process their output signals for storage in the PDP 11/34 computer will

will be.presented in the following section.

gA
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3.3 The Electronic Equipment

The electronic equipment required to operate the accelerometers and

process output signals for storage in the PDP 11/34 computer is shown in

Figure 3-11. The accelerometer and bridge output signals were amplified to

a voltage level suitable for input to the analog to digital

converter(ADC). To reduce high frequency noise, which may be present in

the output, the signal was then filtered. As discussed in chapter 2, the

outputs of accelerometer pairs must be added and subtracted in the

computation of the rotational and translational parameters. Therefore, sum

and difference amplifiers were provided to input these signals directly to

the ADC. The digital output from the ADC was then stored on the magnetic

disc of the computer for further processing and analysis. The ADC

resolution was I part in 1024, or 0.098 Z of full scale input; in this

case the full scale input voltage was 4.99 volts and the resolution was 5

millivolts. The primary design criteria for the electronic equipment was

to keep the errors in the output level below that of the ADC.

The sensing element of the accelerometers was a 1/2 resistive bridge.

In order to produce an output voltage proportional to the sensed

acceleration the accelerometer must be connected to a voltage supply and a

second 1/2 resistive bridge to form a full Wheatstone bridge network. The

complete bridge circuit is shown in Figure 3-12. The bridge circuit was

composed of body mounted components, the accelerometers and zener diode,

and electronic rack components, bridge resistors and potentiometers and

voltage supply, with an interconnecting cable. The 200 ohm dropping

resistors were used to reduce the supply voltage of +15 VDC to

approximately ±3.2 volts for the zener diode. The bridge was powered by a

+15 volt stabilized power supply identical to the amplifier power supply

which will be discussed later in this section. It was essential that a

stable voltage be supplied to the bridge as any change in the bridge
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voltage would produce a change in the sensitivity from the calibrated

value. Therefore, a IN827 zener diode was included in the bridge circuit

to stabilize the bridge voltage. This diode provided a stable voltage of

6.2 VDC +5 % and was temperature compensated with a temperature

coefficient of 0.001 %/°C.

The IK ohm resistors which form the second 1/2 resistive bridge are

shown on the left of Figure 3-12. These were not physically individual

resistors as shown but were packaged thin film resistance chips which were

selected to minimize thermal drift in the bridge circuit. The resistances

contained in each chip are matched to within +1 % and have a maximum

tracking temperature coefficient of +2 ppm/C. This tracking corresponded

to a zero drift of 0.0002 %/°C which is significantly smaller than the

accelerometer thermal zero drift. To calibrate the bridge circuit

properly, a means of balancing the bridge to zero output in a null

position was necessary. This was accomplished by locating a 20 ohm, 15

turn cermet potentiometer in the 1/2 resistive bridge. This potentiometer

allowed the bridge to be balanced accurately prior to calibration in order

to maintain the zero offset value at approximately zero volts.

Several input amplifier designs were considered for use, including

relatively expensive chopper stabilized amplifiers, in order to minimize

amplifier drift. In addition to low drift a high common mode rejection

ratio(CHRR) was desirable to minimize the effect of bridge supply

variation. The amplifier circuit chosen was a low drift operational

amplifier design contained in the LM321A precision preamplifier

specification which is shown in Appendix D. This preamplifier contained a

provision for nulling offset voltages and had a thermal drift of less than

1 wV/ when mulled. The resistors in the preamplifier were selected to

ensure matching to better than 0.02% to give a CMR in excess of 70 dB.

The preamplifier was coupled to an LM308A operational amplifier which had
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a typical drift of I PV/°C and a maximum guaranteed drift of 5 PV/°C. The

specification sheets for the LM308A are also contained in Appendix D.

The gain of the output amplifier was made adjustable by using a

10 K ohm potentiometer as a voltage divider in the output. This allowed

the gain to be adjusted from approximately 55 to 190. The input from the

accelerometer bridge circuit was 25 mV/g and therefore the maximum

amplifier output was 4.75 volts/g which was more than sufficient to

provide the proper input voltage to the ADC and the computer.

In order to minimize high frequency noise signals, a filter was added

to the output side of the amplifiers. The filter was designed for a cutoff

frequency of 4 KHz which did not result in any loss of information as the

data had a fundamental frequency of 2 Hz and was sampled at a rate of

200 Hz. The preamplifier, amplifier and filter circuits are shown in

Figure 3-13.

The difference signals from accelerometer pairs could be obtained by

subtracting individual accelerometer outputs after they have been stored

in the computer. However, it was expected that the difference signals

would be much smaller than the accelerometer signals since the rotational

components comprised only 20-30 % of the basic signal. Digital subtraction

would therefore decrease the resolution from 1 part in 1024 to

approximately I part in 250. Therefore, differencing was produced by

amplifiers as shown in Figure 3-13. Additional signal gain, from 3.0 to

4.74, was provided by these amplifiers to accommodate particular

accelerometer pairs. These gains were selected by recording test data and

then adjusting the gain to an optimum value for input to the ADC.

Summing amplifiers were also included to provide accelerometer pair

sums to the computer. These amplifiers were designed with unity gain. Both

the summing and difference amplifiers contained 10 K ohm potentiometers in

the input line from the second accelerometer of a pair to balance the gain



Figure 3-14. Accelerometer Pair Circuit Board(front and side view).

Figure 3-15. Electronic Equipment Rack Voltmeter.
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of these amplifiers.

The electronic circuits were constructed so that one circuit board

contained all the components necessary to operate one pair of

accelerometers except the bridge circuits which were placed on a separate

circuit board. The circuit board for one pair of accelerometers is shown

in Figure 3-14. The circuit diagram equivalent to one circuit board,

Figure 3-13, also shows the two preamplifiers, two amplifiers, two filters

and the one sum and one difference amplifier required for each of the

accelerometer pairs.

Two +15 VDC stabilized power supplies were constructed; one for the

bridge circuit and a second for the amplifiers. Both were dual regulated

with a potentiometer to balance the positive and negative output voltages

to equal levels. These power supplies were constructed from standard

designs and complete specifications and circuit diagrams are contained in

RS Components Limited circular R/2040 a copy of which is provided in

Appendix E.

The gain and zero of the amplifiers had to be balanced initially and

at periodic intervals. To facilitate this a voltmeter, shown in Figure

3-15, was constructed. The voltmeter also provided the capability to

monitor the output signals during calibration, testing and data

acquisition to ensure proper signal levels. The amplifier balancing

procedure required a signal generator to provide simulated input signals

and a dummy load box of fixed resistance values to simulate the bridge

circuit and accelerometers. The electronic rack with the dummy load box

installed is shown in Figure 3-16. With the dummy load box installed and

no input, the output of each of the eight accelerometer amplifiers was

adjusted to zero volts using the individual offset potentiometer for each

accelerometer amplifier. The dummy load box was removed and the signal

generator, set to produce a peak-to-peak signal of 40 mV at 2 Hz, was



volts set 13 0set 21 3 set set 3

Figure 3-16. Electronic Rack with flmy I~oad Box Installed.
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connected to the input of all eight accelerometer amplifiers using a cable

adapter. The gains of each pair of accelerometers were set to a

predetermined identical value by adjusting the gain potentiometers. The

output of the difference amplifiers was then adjusted to a minimum value

using the trim potentiometer. This completed the amplifier balancing

procedure. The summing amplifiers were balanced during the initial

calibration procedure by insuring that the voltage output by the summing

amplifiers was equal to the sum of the voltage outputs of the individual

accelerometer amplifiers for each pair. The dummy load box was used to

test the CMRR of the amplifier. An 8 volt, 2 Hz signal was applied to both

preamplifier inputs and the CMRR, under these conditions, was determined

to be in excess of 100 dB.

The electronic equipment and accelerometers which must be mounted on

the pelvis of the subject and the mounting method are discussed in the

next section.



Figure 3-17. Accelerometer Mounting Platform.

0T

Figure 3-18. Accelerometer Platform with Cover Installed.
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3.4 The Body Mounting Method

In order to measure the accelerations of the pelvis during walking an

equipment package, the body mount, had to be securely attached to the

pelvis of the subject. The body mount had to contain all essential

equipment, be as small and lightweight as possible and be attached to the

subject in a manner which did not interfere with normal walking motion.

The accelerometers also had to be fixed securely in the proper

configuration in order to measure the necessary accelerations.

The platform for mounting the eight accelerometers was fabricated in

a cruciform shape from aluminum as shown in Appendix C. Channels were

milled into the surface to accept the cylindrical accelerometers and pins

were located in the channels to ensure exact placement of the

accelerometers. A second drawing in Appendix C shows the brackets used to

secure the accelerometers in the correct position. To provide the

necessary electrical and mechanical connections, two c~ntrally located

socket connectors were mounted on the aluminum platform. The completed

platform, with accelerometers in place, is shown in Figure 3-17.

A covering box of aluminum sheet was fabricated which contained the

zener diode and two central pin connectors which mated with the socket

connectors on the platform. The pin connectors were wired to the 15 wav

cable which was clamped to the covering box and carried the electronic

signals to the electronic rack. The covering box was encased in 1/4 inch

foamed polystyrene to provide thermal insulation and was secured

mechanically to the platform by mating the central pin and socket

connectors. A 1 1/2 inch diameter steel ball was mounted on the exterior

of the covering box. The accelerometer platform with the covering box in

place is shown in Figure 3-18.



Figure 3-19. Orthoplast Pelvic Mount.

II

Figure 3-20. PTFE Cup and Belt Holder.

a-
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This accelerometer equipment package must be attached securcly to the

pelvis. The site selected for attachment was just over the sacrum. above

the gluteal fold and below the L5-S1 articulation. A Y-shaped piece of 1/8

inch thick Orthoplast was molded to the shape of the sacrum on two

subjects, one male one female. The Orthoplast is easily moulded when

slightly heated and retains the desired shape when cooled. It was

carefully moulded and trimmed to ensure that the primary contact with the

subject was over the sacrum and there was no interference caused by the

gluteal muscles.

The shaped Orthoplast mount was then secured to the rear of the

accelerometer platform with machine screws. Two layers of shaped

Plastazote, one tapered softwood wedge and 1/4 inch of foamed polystyrene

were interposed to provide thermal insulation from body heat and maintain

a near vertical alignment of the body mount when attached to a subject.

The Orthoplast mount attached to the accelerometer platform is shown in

Figure 3-19.

The completed body mount was attached to the sacrum of the subject in

order to measure the accelerations of the pelvis during walking. The

steel ball provided a means of forcing the body mount firmly against the

sacrum while allowing complete freedom of movement. To provide the

mounting force, a spherical cup of PTFE was machined to mate with the

steel ball and secured to an aluminum belt holder. Two web belts with

velcro fasteners were threaded into the belt holder as shown in

Figure 3-20.

The body mount was secured to the sacrum of the subject by placing

the PTFE cup on the steel ball and securing the web belts around the

subject. One belt was passed below the iliac crests and the other above as

shown in Figure 3-21. The belts pressed the body mount firmly against the

sacrum and provided a satisfactory method of securing the body mount to



Figure 3-21. Body Mount Attached to Subject.
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the pelvis and sacrum. This method of securing the belts above and below

the iliac crests was also used at the University of Iowa to secure

accelerometers in studies by Robinson(1972) and Smidt, et.al.( 1971 and

1977).

The relative movement of the body mount was closely observed and it

appeared that, if the device was properly mounted, it did move with the

pelvis with little or no extraneous motion. An attempt was made to

qualitatively evaluate the effectiveness of the attachment method. A

subject was placed in an apparatus which securely fixes the position of

the pelvis as shown in Figure 3-22. Loads of 1, 2, 3, 4 and 5 pounds were

applied to the body mount in the horizontal and vertical directions and

the distance the body mount uoved was recorded. The maximum acceleration

measured during walking was equivalent to an applied load of 18 Newtons(up

and down 4 pounds-force) with a corresponding measured peak to peak

position of 6.5 cm. The static loading resulted in a peak to peak movement

of 4.5 mm. Therefore, it was estimated that the errors due to relative

movement between the body mount and pelvis were less than 5 %.

Prior to mounting the accelerometer body mount on the subject, it

must be calibrated. The calibration method and equipment will now bL

discussed.
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3.5 The Calibration Method and Equipment

In order to calibrate an accelerometer it must be mounted with the

sensitive axis in the vertical plane and then rotated about a horizontal

axis through positions which correspond to +1 g and -1 g. By recording the

output voltage corresponding to these positions the accelerometer can

easily be calibrated. As stated in section 3.2.3, the calibration function

is linear and can be expressed as

G S V + B (3.29)IF
where

G = acceleration in g's

S = scaling factor(slope) in g's/volt
F

V output voltage in volts

B = offset from zero in g's

It is desirable, but not essential, to maintain the offset as close to aI null value as possible. This was accomplished by adjusting the bridge

circuit potentiometer to a null output when the accelerometer was in a

"zero g" position.

The scale factor and offset were computed from the +1 g and -1 g

voltage measurements as follows:

(1) compute S usingF

2 g's
S = (in g's/volt) (3.30)

F V[+i g] - V[-i El

(2) select the reference offset position(normally 0 g)

(3) compute B using

B =G - S V (3.31)F

where

G = 0, +1, or -1 as appropriate

V = the corresponding measured voltage



Accelerometer Number

1 2 3 4 5 6 7 8
A
X 1 0 0 0 0 0 0 +lg +lg
1 2,

3
2 -ig -ig 0 0 0 0 0 0

R
E1

N 2 0 0 0 0 0 0 -ig -ig
T
A
T1
I +lg +lgO 0 0 0 0
0
N 2

30 0 -ig -ig -ig -ig 0 0

2

10 0 +lg +lg +1-g +lg 0 0

Figure 3-23. Accelerometer Calibration Matrix

p

H

Figure 3-24. Accelerometer Calibration Rig.
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For example it the null g position is used then

B = -SFVnull (3.32)

To calibrate the eight accelerometers the platform was placed in six

positions with respect to the vertical plane. The coordinate system

orientation and the resulting g readings for each accelerometer are shown

in Figure 3-23. By recording the voltage readings for each of the six

positions, the required scale factors and offsets were then computed from

equations (3.30) and (3.31).

A calibration rig was constructed to hold the accelerometer platform

and rotate it through the six calibration positions. As shown in Figure

3-24, the calibration rig was rigidly mounted to a steel supporting

column. Three indexing heads were incorporated in the design to allow the

mounting platform to be rotated through 3600 about any of three axis.

Setting pins in each indexing head provided positive position stops at the

00, 900, 1800 and 2700 positions on each axis.

In order to ensure that the accelerometers were rotated in a true

vertical plane, the calibration rig had to be carefully aligned. To

facilitate the alignment three grub screw were located in the column

mounting collar which allowed the mounting column to be secured after

rotation about its horizontal axis. A dual backing plate with three

positioning grub screws and three locking bolts for vertical and lateral

positioning was incorporated in the design. The alignment screws are shown

in Figure 3-25.

Initial alignment of the calibration rig was made with the mounting

platform horizontal as shown in Figure 3-24. The leveling instrument used

was an eight inch Moore and Wright Engineers Level on which one bubble

division is equivalent to 0.01670. The level was placed on top of the

mounting platform and parallel to the H axis. First the V axis was aligned



4-j v,

cz0

rz -z

Q)

*- - - - - -- - I*~x

* I I o
I L U

_____ ____ _____ ____ ___

I Id



84

with the vertical by loosening grub screws A, B, and C; rotating the

mounting column until the bubble indicated that the platform was level;

then retightening the grub screws. Tile mounting column was adjusted as

necessary until the bubble remained level when the platform was rotated

through 180 0 (to align the bubble in both the +H and -H direction) using

the indexing head. Next the indexing head was used to rotate the platform

900 to position the bubble level parallel to the P axis. The backing plate

locking screws G, H and I were loosened and grub screws D, E and F were

used to adjust the bubble to a level position. After securing the locking

screws, the platform was rotated through 180°(to align the bubble level in

both the +P and -P directions). The grub and locking screws were adjusted

as necessary to maintain the bubble in a level position along both the +P

and -P directions. These procedures were repeated as necessary until the

bubble was maintained in the same position while the mounting platform was

rotated through 3600 using the indexing head. This procedure ensured that

the mounting platform was rotating about a vertical axis.

After the alignment procedure was completed, the maximum deviation of

the bubble from a level position was +4 divisions. This corresponds to an

error of +0.067' during 3600 of rotation or 0.02 %. The platform was then

rotated into the vertical plane and indexed through the 900 , 1800 and

270 0 positions. The angles were measured with the leveling protractor frc:,

a machinists combination set and the maximum measured error for the fixed

positions was 0.50. Therefore, the maximum error in the calibration rig

was less than +0.45 in 3600 and the angular position of the calibration

rig was accurate to +0.3 %.

As discussed earlier in this chapter, zero shift due to thermal drift

can be a major problem if the temperature of the accelerometers are not

maintained at a constant value during calibration and data acquisition. To

prevent this problem and maintain a stable temperature environment, the
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calibration rig was enclosed in a plastic tent which was open at the

bottom. A thermistor driven temperature control circuit was connected to a

standard fan heater positioned beneath the tent as shown in Figure 3-26.

Using this system the temperature of the calibration rig and

accelerometers could be maintained at any desired value from room

temperature to 400 C +0.20 C.

By placing a thermistor inside the accelerometer package and

recording the output on a miniature tape recorder, it was possible to

monitor the internal temperature of the body mount under different

conditions. A typical test is shown in Figure 3-27 in which the system was

turned on and allowed to warm to a stable temperature, then attached to a

subject for 30 minutes and then allowed to return to room temperature.

This and similar tests indicated that:

(1) from a "cold" start(about 2CPC) a minimum of 2 hours 45

minutes is required to reach a stable operating

temperature,

(2) when stabilized to room temperature the accelerometer

temperature will change at a rate of 0.10C/minute if

the body mount is attached to a subject,

(3) when removed from the subject the accelerometer

temperature requires another 2 hours 45 minutes to

return to room temperature.

Additional tests were performed and it was found that if the

accelerometer body mount was stabilized at a temperature approximately

midway between body temperature(370 C) and room temperature, the internal

body mount temperature would change less than 10 C during a 30 minute

period. Also the internal body mount temperature would return to the

stabilized temperature within 10 minutes after being removed from the

subject. A typical series of these tests is shown in Figure 3-28 where the



all brackets indicate

LM body mounted times

fI

LA,

CO

0.0 60.0 120.0 180.0 240.0 300.0 360.0
TIMEB (minutes)

Figure 3-28. Typical Series of Temperature Tests.



86

bracketed data sections indicate when the body mount was attached to the

subject and data collected.

Having described the design, fabrication, testing and operation of

the experimental apparatus, the experimental method used to acquire and

process data from subjects will be presented in the next chapter.
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CHAPTER 4

THE EXPERIMENTAL METHOD

4.1 Introduction
4.2 Equipment Preparation and Calibration
4.3 Walking Test Sequences and Data Collection
4.4 Data Processing
4.5 Mathematical Methods used in Data Processing
4.6 Testing of the Experimental Method

4.1 Introduction

The experimental method used to collect and process data is presented

in this chapter. A description of the method for preparing and calibrating

the accelerometer equipment is followed by a discussion of the walking

test sequences and the procedure for collecting and storing data on the

computer during walking tests. The data processing sequence and a brief

description of the computer programs used in this sequence is presented.

The complete listings for these computer programs are contained in

Appendix F. The mathematical methods used to integrate and filter the data

along with a discussion of the initial conditions required to begin the

integration are presented in a separate section following the data

processing section. The chapter concludes with a description and

discussion of the experimental tests conducted to determine the

effectiveness of the accelerometer method developed in this study.



Figure 4-1. Accelerometer Body Mount Installed on Calibration Rig.

Figure 4-2. Electronic Equipment Rack Cabling.



4.2 Equipment Preparation and Calibration

The preparation and calibration of the measurement system equipment

for subject testing consisted of installing the body mount on the

calibration rig, temperature stabilizing the body mount and calibrating

the accelerometers. The initial temperature stabilization period, from a

cold start(200 C), was approximately 2 3/4 hours. When this initial

temperature stabilization had been completed, the remaining equipment

preparation and calibration was completed in 10 minutes. The following

paragraphs describe the procedure to be performed for a cold start.

The body mount was installed on the calibration rig using three

adjustable pins with wing screws. The pins had tapered ends which fit

into locator holes in the ends of the aluminum accelerometer platform. The

wing screws were used to secure the pins and were alternately loosened and

tightened to properly secure the body mount to the calibration rig. The

body mount, installed on the calibration rig, is shown in Figure 4-1.

After installing the body mount on the calibration rig, the

subminiature 15 way cable was connected to the electronic equipment rack.

At this time the 16 coaxial cables which carried the output signals fro:.

the amplifiers to the ADC were connected. The electronic equipment rack,

with the cables installed, is shown in Figure 4-2. The power was then

applied to the electronic equipment. Power to the accelerometers in the

body mount was supplied through the subminiature 15 way connecting cable.

As discussed in chapter 3(pp. 84-86), the body mount, containing the

accelerometers, had to be maintained at a relatively constant temperature

to ensure that the zero offset voltage remained constant during

calibration and data collection. The thermal zero shift of the

accelerometers was less than 0.005 g's/OC, from Figure 3-10. For a peak to

peak signal of I g, the zero shift would by I% for each 2 °C change in the

temperature of the accelerometers. The temperature stabilization procedure
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was developed to ensure that the temperature of the accelerometers did rt

change more than +1 0 C during calibration and data collection.

The temperature stabilization procedure began when the power to the

electronic equipment was turned on. The plastic tent was placed over the

calibration rig and the fan heater and temperature control unit positioned

beneath the tent. The thermostatic control was then adjusted to the

desired temperature, normally 2b-30 OC, and the fan heater turned on.

Approximately 2 3/4 hours was required for temperature stabilization. Tne

temperature was monitored during this period with a thermometer located in

the plastic tent. After the temperature had been stabilized, the

calibration procedure was performed.

Calibration of the accelerometers was accomplished by running

computer program CALIBi and rotating the calibration rig through the 6

positions which were described in chapter 3(pp. b2-83). With the

calibration rig in position 1, as shown in Figure 4-3, the operator

started program CALIBI and entered the data record number, subject number

and a code which indicated if the calibration was being performed before

or after the walking data had been collected. The computer then displayed

on the terminal screen

"CR TO TAKE DATA SAMPLE"

which indicated that the accelerometer output voltages for position I

would be sampled and stored when the operator depressed the <carriage

return>(<CR>) key. The calibration rig was then indexed through the

remaining 5 positions, also shown in Figure 4-3, and the accelerometer

output voltages were sampled and stored for each position by depressing

the <CR> key when the above message was displayed. The calibration rig was

held in each position for one minute to ensure that the accelerometer

output voltages had stabilized before the data sample was stored.



II 00-.CO 0 2 -00

N0 00

0 0 C 1) !

o00000 - 00- 000

_.In C41 NC "I X V

~~~0 00- 0 0 0
gill I

on-0n-.0 -00

aI N. 0 l.D 0

- , 0 000- 0 0 0 0 0-
II I f I..0

0000 .. 0r 000
0MN r' 0 0

00 1 O'"0U 0 000 0 o

Ia o 0

00-.00 0 .0Mco!D :o0Q0000-'000
20I 0

0.
ot~o300o 000 0 .0'c000000 0060

00 - T n !' I CC NOVO :C
0 0 N'00.0 000 On 00 00 )'100. 00 N 0 00 0

-~~~C '. CC00.20 0 M - 0 00-1t
I0 C;. C> N.0 'SO 0< N0I0 1 C z. C N 0 0 ..

0 0 000 0000 6-00000000 00 C , 00 0 00 0 00 0000 011-0c

0z c C 0 0 0 -- 0rc 00 0-0 0 r 4r
Lo -l M.. _ME 0000 . E

0 0 0o0 o 000000..N0
I a

.-. tO ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r X_-0O .C I-N . C t1.tt.ttTIVC0

- -00 00 Z- 0 0 0 0--
1 

0-0 On N0 0 00CO 0N Cli-O

2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 7 N 1cl000 . Z . LI0C00000 V 0 0 0 0 0 1? 0 9
600 00 00

0 ~ ~~~~~ Cl 00314- _.-COOO~t. 00
'r ill 0 II' .0000-.0l I I I

0 NC L1.t NI'.' o o <> C OO C - 000 'CON ID.. i-.'O I'i0

- 0C C _0D 00 0 0v
I' -0 0 0.1 0

90 '0000- 9 -. NOOO I

C_ i E C00.I C- C,'Ct0

r4 v0T 0 )0. 0 -C 0 0O 0 01.0
000 -n It IOIOI I It. .

al C O0 -4l 0 I1 0I 00 1 I) I 10 C

O00-00 C.000 -00
1.~L V ZI im

0 0 r, N C, 4 -II
* ~ ~ ~ 6 00 Co-v,

00000 C;i 00.'C~.
z 0m V bI. L .W)C I1

W -rtim~ 0 C Cu u.i~ U V' C 10qbl



90

After the voltages for position 6 had been sampled and stored,

program CALIBI computed, using equations (3.30) and (3.31), the scale

factors and zero offset voltages for each of the eight accelerometers and

the four summing and four difference amplifiers. The raw voltage samples,

and the computed scale factors and offsets, were then stored for future

use in data file CALIBD.DAT, and printed out on the line printer for

examination. A sample output is shown in Figure 4-4 where the sampled

output voltages for each of the 16 channels (accelerometers: channels 1-b,

difference amplifiers: channels 9-12, summing amplifiers: channels 13-16)

for positions 1-6 appear in the calibration data table. The computed scale

factors and zero offset voltages were then printed for each of the 16

channels.

During walking tests, calibration was performed before and after

walking data collection and the mean scale factors and offsets used to

convert walking voltages to acceleration (in g's). Therefore, the printed

output showed the before and after walk calibration and the mean scale

factors and offsets computed when both calibrations had been completed.

During the before walk calibration, it was desirable to set the offsets :o

near zero volts and the scale factors equal for each accelerometer pair.

This was not essential, but if the calibration output values were not i.

the acceptable range, then the gains and offsets of each accelerometer

could be adjusted with the potentiometers provided on the electronic

equipment. The calibration procedure was then repeated until acceptable

values were obtained.

After successful completion of the calibration procedure, the subjt-t

walking tests and data collection were started. These are discussed in

the following section.



MALE SUBJECTS:

Subject Number Age Height (cm) Weight (kg)

1 40 186.5 93.0

2 25 177.0 63.5

3 44 170.5 77.5
4 32 186.0 86.5

5 28 177.0 69.5

6 35 175.0 74.0

7 23 173.5 71.4

FEMALE SUBJECTS: HEEL HEIGHT

Subject Number Age Height (cm) Weight (kg) Low(cm) High(cm)

8 23 160.5 54.2 3.6 7.1

9 29 157.0 49.2 4.6 8.4

10 26 154.8 52.6 3.8 8.5

11 27 153.0 64.5 2.0 7.8

12 24 161.0 60.9 3.3 6.8

13 27 162.5 54.0 2.1 5.8

14 31 161.5 56.0 2.9 6.5

Mean Heel Rise = 4.1 cm

Table 4-1. Subject Data.

4.
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4.3 Walking Test Sequences and Data Collection

The same basic walking and data collection method was used for all

walking tests. The walking tests were conducted in the OOEC gait

laboratory and consisted of straight and level walking for a distance of 9

to 10 meters. The subjects were free to choose their own cadence for the

walking tests.

The testing began with a subject interview at which time the subjects

were weighed and measured; the results are shown in Table 4-1. The heel

heights of the low and high heeled shoes of the female subjects were also

measured. The subjects wore their own shoes during the tests and were

allowed to select the heel heights, but were asked to bring shoes which

they considered to have low and high heels. After the measurements were

completed, the test sequences were explained to the subject. Normally, the

accelerometers were being calibrated simultaneously with the subject

interview. This allowed the walking test sequences to be started

immediately following the interview.

After the interview, the subjects changed into test clothing. For

male subjects, walking shorts with a loose elastic waist band were

provided while a modified, knee length hospital gown was provided for

female subjects. All subjects were allowed to wear their own

undergarments. After dressing, the temperature stabilized and calibrate6

body mount was fitted to the sacrum of the subject. The subjects then

walked about the gait laboratory for five minutes to become accustomed to

the body mount and any adjustments necessary to tighten or reposition the

body mount were made.

The walking test sequence began with the subject standing in a

stationary position at one end of the walkway. After the operator started

the computer data collection program, DATLRG, the subject remained in the

stationary position for approximately three seconds. Then, at a signal
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given by the operator, the subject walked to the end of the

walkway(10 meters), stopped and again remained statiouary until the

operator indicated that data collection was complete(approximately 3-5

seconds after stopping). Therefore, each basic walking test sequence

consisted of 3 seconds of standing, 9-10 seconds of walking, and 3 seconds

of standing. The computer program, DATLRG, displayed the data collected

on the terminal screen while it was being stored in the computer memory,

and a decision on the suitability of the test data for further analysis

was made at the time of the test. If the data did not appear suitable,

the test was repeated immediately. A further description of DATLRG will be

presented at the end of this section.

The same basic test sequence, which required approximately 20 secon:s

to complete, was repeated for the three walking tests of female subjects.

The first walking test consisted of the subject performing the basic tes:

in bare feet. During the second test the female subjects wore low heeled

shoes. For the third, and final test, the female subjects walked in high

heeled shoes. Each complete testing sequence, for female subjects,

consisted of a calibration, three walks(bare feet, low heeled shoes, hi:.

heeled shoes), and a second calibration. The entire procedure was

completed in less than 30 minutes.

The three walking tests performed on male subjects were also

completed within 30 minutes. For the first two tests, the male subjects

also walked in bare feet and in low heeled shoes. For the third walk, tlh

male subjects were fitted with a backpack containing 13.6 Kg(30 pounds

weight) of sand. In this third test the male subjects wore the same low

heeled shoes as in the second walking test. Data collection was again

accomplished using computer program DATLRG.
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The data collection program, DATLRG, was a slightly modified, general

purpose data collection program originally used by Morris(1973). It was

modified to allow data collection and storage in the PDP 11/34 at the

OOEC. The program was interactive, with the operator initially entering

the number of channels to be sampled, the sampling time, and the total run

time for the test being performed. For the walking tests, 16 channels were

sampled every 5 milliseconds(200 Hz) for a total of 15.99 seconds. When

the subjects indicated they were ready to begin the basic walking

Fequ nce, data collection and storage was initiated by the operator

depressing the <CR> key. The data being stored was displayed on the

terminal screen for preliminary analysis. This allowed the operator to

determine if any gross discrepancies occurred during data collection and,

if necessary, rerun the test immediately. The data was stored by a record

number, selected by the operator, in data file ADC.DAT, and could be

recalled, using the record number, at any time for further data

processing.

The processing of data collected and stored during the walking tests

will be discussed in the following section.
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4.4 Data Processing

The purpose of the data processing programs was to produce graphic

records of the rotational and translational parameters calculated from the

data collected during the walking tests. The programs implemented the

theoretical equations explained in chapter 2 and the programs followed the

sequence of the theory presented in that chapter. Additional mathematical

methods were required in this implementation and these are discussed in

the following section. A brief description of each of the programs used

to process walking test data is presented in this chapter. Complete

listings of all the computer programs are contained in Appendix F and may

be consulted as necessary.

The programs were written in FORTRAN for processing on the PDP 11/3.

computer located in the OOEC gait laboratory. This computer used the DEC

RT-I1 operating system and an RK05 cartridge disc for storing data files

and programs. Some additional processing and analysis was performed using

the PDP 11/45 computer in the F. J. Seiler Research Laboratory, U.S. Air

Force Academy, Colorado. This computer uses the RSX-1I operating system

and therefore some minor modifications to the programs were required.

These modifications were necessary to accommodate the slightly different

methods used by the operating systems to input and output data files. The

basic FORTKAN coding and program structure remained unchanged.

The sequence of programs required to process the data is shown, in

order, in Figures 4-5 through 4-9. The sequence was broken for the

convenience of the reader so that he could refer to the sequence, while

reading the program description, without finding it necessary to change

pages. The programs appear in the sequence in which they were run. The

input and output data files as well as the function of the program are

presented in the corresponding figure.



DATA FILES* PROGRAM PROGRAM FUNCTION

ADC.DAT < DATLRG Data Collection**U
ADC.DAT SUKIT Section data; enter subject
ADC.DAT identifiers, scale factorsU and offsets

ADC.DAT STRDAT Store data permanently on
RAWACC.DAT cartridge disc

RAIVACC.DAT Convert voltage data to

CODATA.DAT j 4 DATCON acceleration and create
INDACC.DAT . - , index fileU
INDACC.DAT
RAWACC.DAT STADAT Compute and store statistics

COSTAT.DAT < U
(continued in Figure 4-6.)

* ~- Input data file

*-Output data file

**Program run during subject walking tests.

Figure 4-5. Data Processing Program Sequence

B
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After data had been collected and stored in ADC.DAT, program SUKIT

was run. This program was an interactive, general purpose program used to

section data, to enter subject and test identifiers and the scale factors

and offsets computed by the calibration procedure. After the identifiers

and other parameters were entered, the data was displayed for sectioning.

In this study, the data was divided into three sections; the initial

standing phase, the walking phase, and the final standing phase. After

sectioning, the data which had been entered and the indexes for the

locations of the sectioned data were stored in ADC.DAT.

The sectioned data was then permanently stored on a magnetic

cartridge disc with program STRDAT. The data, with its associated

identifiers, scale factors and offsets, was transferred from input file

ADC.DAT to the output file RAWACC.DAT. The output data file was located on

a cartridge disc installed in the RK05. Each cartridge disc was capable of

storing the data for the three walking tests performed by seven different

subjects. The cartridge discs provided a method for permanently storing

data collected during subject tests.

The processing of the permanently stored data was begun by running

program DATCON. The purpose of this program was to convert the data froz

output voltages to accelerations(in g's) using the scale factors and zero

offset voltages from the calibration procedure. The program also produced

an indexing file, INDACC.DAT, which was used by all the following programs

to access the correct data locations. The program read data from

RAWACC.DAT and implemented equation (3.29) to convert the data from

voltage to acceleration(in g's). The converted data was stored in output

file CODAIA.DAT for use in the following programs.

Program STADAT was used to compute statistics on each of the standing

and the walking sections of the data. The mean, maximum, minimum, varianze

and standard deviation was computed for each of the 16 channels. The pair



DATA FILES* PROGRAM PROGRAM FUNCTION

INDACC.DAT
CODATA.DAT FILDAT Filter data in CODATA.DAT
CODATA.DAT w.

INDACC.DAT
CODATA.DAT SWPDAT Separate and store walking
CODATB.DAT - section data

INDACC.D.AT Integrates acceleration diff-
CODATB.DAT SPEDIT erences to produce w and adjust
OMEGA.DAT offset to zero

INDACC.DAT
CODATB.DAT SPOMEG Program called by SPEDIT to
OMEGA. DAT perform integration

ONGA.DAT -* SPMEAN Program called by SPEDIT to
compute mean of w

(continued in Figure 4-7.)

* - Input data file

-Output data file

Figure 4-6. Data Processing Program Sequence(continued)
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mean value for each accelerometer pair was computed for use in program

INANGL where the initial, standing position, angles were determined. The

statistics were stored in data file COSTAT.DAT and printed out on the line

printer.

The converted data, stored in CODATA.DAT, was then filtered to remove

undesirable high and very low frequency noise using program FILDAT. The

filtering method is described in section 4.5 and is an eighth order,

recursive Butterworth bandpass filter. The filtering subroutine BNDPAS was

used by all the filtering programs. Program FILDAT read data from

CODATA.DAT, filtered it by calling subroutine BNDPAS, and then stored the

filtered acceleration data in CODATA.DAT. The original unfiltered data in

CODATA.DAT was replaced by the filtered data.

All three data sections were stored in CODATA.DAT. Program S,:PDAT

was used to remove the walking section data, section 2, and store it in

new data file. Program SWPDAT read data from CODATA.DAT and, using the

indexing information from INDACC.DAT, separated the walking section data

and stored it in output data file CODATB.DAT for use in the following

programs.

The next program in the sequence, SPEDIT, was an iterative program

which called the following two programs, SPOMEG and SPMEAN, to produce t:C

angular velocity vector, w. The accelerometer pair differences were input

from CODATB.DAT for integration by program SPOMEG which was automatically

called by SPEDIT. This program, and all other integration programs, used

subroutine AM31NM and a subroutine containing the differential equations

to be integrated, in this case subroutine DIOMGIM, to perform the requirLc

integration. The integration method, an Adams-Moulton predictor corrector,

will be discussed in section 4.5. The program SPOMEG, and its equation

subroutine, implemented the integration of equations (2.31), (2.32) and

(2.32) and produced the angular velocity vector, w. After the integration



DATA FILES* PROGRAM PROGRAM FUNCTION

INDACC .DAT>
OMEGA.DAT ONIGFIL Filter data in OMIEGA.DAT
ONIE GA . DAT 1

COSTAT.DAT n> INANGL Compute initial angles
STRA1NG. DAT

INDACC. DAT
STRAkNG.DAT COANGL Integrate w to produce
OMEGA. DAT jangles
AINGLES .DAT

INDACC.DAT>
AINGLES.DAT FILANG Filter data in ANGLES.DAT
NEIVANG. DAT -

(continued in Figure 4-8.)

* -Input data file
-w---- output data file

Figure 4-7. Data Processing Program Sequence(continued)
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was completed, SPEDIT called program SPMLA to compute the mean value of

each of the three components of w. The means were then used to compute an

offset correction factor wnich was subtracted from the input data during

the next integration. The rationale for this correction will also be

presented in section 4.5. The integration was then repeated and the means

were recomputed. This iterative procedure was continued until the mean

values of all three components of w were less than a specified tolerance,

-5
in this study I x 10 . Thus, SPEDIT produced, by integrating

accelerometer pair differences, an angular velocity vector, W, with zerc

mean value and stored this vector in data file OMEGA.DAT. To remove any

low frequency oscillations which may have been produced by the integration

process, the data in OMEGA.DAT was then filtered by program FILOMG which

used the same filtering subroutine, BNDPAS, previously described. The

unfiltered data originally stored in OMEGA.DAT was replaced by the

filtered data.

Following computation of the angular velocity, the initial values of

the angles which describe the orientation of the pelvis during standing

were computed. The program INANGL calculated these angles from the mean

values of the accelerometer readings measured during the initial standing

phase of the walking tests. These mean values wer- computed, and stored n

COSTAT.DAT, by program STADAT. Using COSTAT as the input data file, INANCL

computed the initial angles and stored them in data file STRANG.DAI for

use in program COANGL. The method used to compute these initial angles

will be presented in detail in section 4.5.

With the initial angles computed, program COANGL was run to integrate

equations (2.60), (2.61) and (2.62) and produced the angles Q, G , and £

These three angles defined the orientation of the pelvis during the

walking phase. This program also used subroutine A131X as the integration

routine and the differential equations were contained in subroutineAk



DATA FILES* PROGRAM PROGRAM FUNCTION

INDACC. DAT
NEWANG.DAT COTRAN Compute the transformation
CONTTRX. DAT matrix

INDACC. DAT
CODATB.DAT -9 COACCL Rotate the acceleration
CON TRX. DAT - i vector into the Fixed co-
ORGACC.DAT ordinate system

INDACC. DAT -

ORGACC.DAT FILACC Filter data in ORGACC.DAT
ORGACC. DAT

INDACC. DAT -
ORGACC.DAT - ACMEAN Compute mean of acceleration
STMEAN. DAT

INDACC. DAT
ORGACC.DAT ADJACC Adjust the acceleration
STMEAN.DAI - | offset error to zero
ORGACC.DAT-_

/

(continued in Figure 4-9,)

* - Input data file

-Output data file

Figure 4-8. Data Processing Program Sequence(continued)
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DIN(;L. After computation, the angles were filtered by program FILANG and

stored in data file NEWANG.DAT.

With the angles determined, the transformation matrix could be

computed. The transformation matrix was computed by running program COTRAN

which implemented equation (2.46), the equation which defined the

transformation matrix in terms of angles , 8 , and . The program read

the angles from NEWANG.DAT, performed the required trigonometric

computations and stored the resulting transformation matrix in COMTRX.DAT.

It was now possible to transform any vector measured in the body-centered

coordinate system into the fixed coordinate system and vice versa.

The program COACCL implemented the theory regarding the computation

of the acceleration of the pelvis discussed in section 2.5. The sum of the

accelerations measured by one pair of accelerometers was transformed into

the fixed coordinate system by implementing equation (2.71). The

acceleration of the pelvis was then computed by subtracting the

gravitational acceleration from tile transformed measured acceleration,

equation (2.73). The resulting acceleration, the acceleration of the

pelvis in the fixed coordinate system, was then stored in ORGACC.DAT.

The acceleration data in ORGACC.DAT could contain small offset errors

which were removed by running the next three programs in the sequence.

Program FILACC, the filtering program, removed the unwanted low and high

frequency signals from the data. The mean value of the acceleration was

then computed by program AO!EAN and the computed means were stored in da:a

file STMEAN.DAT. The mean of the acceleration was then adjusted to zero by

program ADJACC which read the accelerations from ORGACC.DAT, subtracted

the mean values stored in STMEAN.DAT and then stored the acceleration

values, with zero mean, in data file ORGACC.DAT. The rationale for this

sequence of processing will also be presented in section 4.5.



DATA FILES* PROGRAM PROGRAM DESCRIPTION

INDACC. DAT
ORGACC.DAT CORVEL Integrate acceleration to
ORGVEL.DAT e produce velocity

INDACC.DAT
ORGVEL.DAT FILVEL Filter data in ORGVEL.DAT
ORGVEL. DAT

INDACC.DAT
ORGVEL. DAT 3 VEMEAN Compute mean of velocity
STMEAN.. DAT <

INDACC. DAT
ORGVEL.DAT 3P ADJVEL Adjust the velocity offset
STMEAN. DAT error to zero
ORGVEL. DAT

INDACC. DAT
ORGVEL.DAT P CORPOS Integrate velocity to
ORGPOS.DAT produce pgsition

* Input data file

.4- Output data file

Figure 4-9. Data Processing Program Sequence(continued).
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Using a similar method, the velocity was coiiputed by progx':mIs CVL..,

FILVEL, VEREAN and AJVEL. Tile accelerations stored in uiRGACC.DAI were

input to program CORVEL which performed the necessary intugration and

stored the integrated velocity in data file ORGVEL.DAT. The data was thL.

filtered, with program FILVEL, and the mean values computed, with progrL7m

VEMEAN. The mcan value of the velocity was adjusted to zero by running

program ADJVLL and the results were stored in ORGVEL .DAT.

The final step in the data processing sequence was the integration of

the velocity to obtain position. This integration was performed by program

CORPOS which read the velocity data stored in ORGVEL.DAT, integrated it

and stored the output in ORGPOS.DAT. The data files now contained all the

rotational and translational parameters which described the three

dimensional notion of the pelvis during the walking phase of the subject

tests.

The preceding programs could either be run separately, in an

interactive mode, or automatically using the command file program, DATRU"'.

This program sequentially initiated and ran the data processing programs

beginning with DATCON and finishing with CORPOS. When run on the PDP 11/.5

computer, the data could be processed and all data files stored in eight

,minutes. The stored data files could then be analyzed.

To facilitate the viewing and analyzing of the rotational and

translational parameters, a Frogram to plot the data on the terminal

screen, PLOTIT, was developed. This program displayed the computed data,

in graphical form, on a Textronics storage terminal screen. The program

was interactive and allowed the operator to plot either all the data in a

particular data file, or selected portions of the data file. Any of the

data files containing the translational and rotational parameters computed

during data processing could be accessed by PLOTIT. This program provided

an easy method for selectively viewing the data produced from the walking
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tests. A sample plot of an entire walking section of data is shown in

Figure 4-10, while a single step cycle from the same data is shown in

Figure 4-11. A complete set of plots of all the data files for one

subject produced using this data processing method are contained in

Appendix G.

A discussion of the mathematical methods used to perform the

integration and filtering of data files during data processing is

presented in the following section.
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4.5 Mathematical Methods used in Data Processing

The implementation uf the theoretical analysis presented in chapter 2

required the integration of four sets of differential equations. An

investigation was made of commonly used methods for solving first-order

systems of differential equations; the Runge-Kutta method, Adams-Moulton

and other "predictor-corrector" rethods, and the extrapolation or

Richardsonian methods. The primary considerations in selecting an

integration method were stability and accuracy of the solution and the

efficiency of the method when programmed for use on the digital computer.

A detailed explanation of these methods may be found in Hamming(1962),

Scarborough(1966) or Acton(1970).

Most integration methods are based on extrapolating the solution

forward from a present known solution, the initial condition. The Runge-

Kutta method starts from a known value and then, by evaluating a series of

derivative values, forms a weighted average slope. The next value is then

computed by multiplying the slope by the step size, or interval, and

adding this product to the previous known value. The solution over a given

time period proceeds by "marching" from one value to the next, always

assuming that the previously computed value was correct. There is no

internal accuracy check for the Runge-Kutta method, however the accuracy

of the method is dependent on the step size and can be estimated. The

equations for the Runge-Kutta method and its accuracy can be found in most

calculus or numerical methods textbooks, Scarborough(1966). The method is

not very efficient due to the large number of evaluations of the
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differential equations which are required. Acton summarizes the

weaknesses of this method and states:

"In either case the arguments against Runge-Kutta are
formidable. It should be used only to get starting values, which
it does very well."

In contrast to the Runge-Kutta method, which assumes the computed

solution is correct, the predictor-corrector methods use the past history

of the solution to compute the next value of the solution. The method

consists of a predictor process which fits a polynomial to the three most

recent derivatives of the function, extrapolates the fitted polynomial to

find the next value of the derivative and then integrates(computes the

area under the derivative curve) the fitted polynomial to produce the

"predicted" value of the function at the next point. This predicted value

is then substituted into the known differential equation to yield a new

value of the derivative which has not been extrapolated. A second

integration, using the new derivative, is performed to produce a

"corrected" value of the function. The difference between the predicted

and corrected values provide an internal measure of the error remaining in

the corrected value of the function. If this difference is too large, the

corrector process can be repeated, with the corrected value replacing the

predicted value, until the difference becomes less than some desired

tolerance. Thus, the predictor-corrector provides a "check" on how the

solution is proceeding and an estimate on the accuracy of the solution.

In both the Runge-Kutta and predictor-corrector methods, the

integration step size, or interval, is selected and used as long as it

gives satisfactory results. It may be adjusted, but normally remains

constant for long time periods during the integration process. The values

produced by these methods converge mathematically to the exact solution of

the differential equation as the step size approaches zero, but the step
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size is never permitted to approach zero. Due to the increased

computational time required by decreased step size, the numerical solution

is considered acceptable if the chosen step size produces a "good"

estimate of the solution.

The philosophy of the Richardsonian method is to extrapolate the step

size "to the limit." In this method, several estimates of the next value

of the function are generated using successively smaller step sizes. These

estimates are then used to predict what the next value of the function

would be if the step size had been permitted to go all the way to zero.

This philosophy is very attractive, however each forward step is much more

complex than either of the other methods. This method may also require

many more evaluations of the differential equations at each step which

increases the computational time. Its main advantage is the accuracy of

the solution and with "smooth" functions the step size can be increased to

relatively large values without decreasing the accuracy.

Evaluations of these three numerical integration methods were

reported by Clark(1968) and Fox(1972). The objectives of these studies

were to test and compare these methods on various problems for speed and

accuracy. One of the systems of differential equations tested by Clark was

Euler's equations of motion for rigid bodies. This set of first order,

non-linear differential equations are very similar to those developed and

used in this study. The results of Clark's tests showed that the

-5
Richardsoniar method was preferable when a relative error of less than 10

was desired.

For this study an accuracy of 10 was considered quite sufficient

and, for ease of programming, a simple, but relatively efficient,

integration method was needed. Therefore, a predictor-corrector method was

selected and programmed for the computer. The Adams-Moulton system,

Hamming(1962), was used as the basis for subroutine AN31N1, the
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integration routine called by all integraLing programs during data

processing. This subroutine required the set of differential equations,

which were to be solved, to be stored in a separate subroutine which was

then called by AM31NN. A complete listing for AM31NM and the three

differential equations subroutines(DIOMGM, DIANGL and DIRDOT) are

contained in Appendix F.

As a test of the Runge-Kutta and Adams-Moulton methods, twenty cycles

of the differential equation

x(t) = aw cos(wt) (4.1)

with w = 6.28 rad/sec and variable amplitude, a, were integrated and

compared with the analytical solution

x(t) = a sin(wt). (4.2)

A sampling rate of 200 Hz. was used to simulate the data sampling rate

used in the data collection process. These tests clearly demonstrated the

superior accuracy of the Adams-Moulton method. A typical plot of the

integration errors of the two methods is shown in Figure 4-12. The

differences in scale and the instability of the Runge-Kutta method,

beginning at cycle 17, should be noted. Both methods required

approximately the same amount of computer time to complete the integration

process.

The initial conditions, or starting values, for the first data point

must be known before the integration process can begin. Therefore, the

initial conditions for the angular velocity, orientation angles,

acceleration, velocity and position of the pelvis had to be known for each

walking test. For this reason, the initial data was recorded with the

subject standing in a stationary position. Since the pelvis was

stationary, the initial values for the angular velocity, acceleration, and

velocity were assumed to be zero. It was also assumed that no translation

was required to bring the body-centered coordinate system into coincidence
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with the fixed coordinate system and thus, the initial values of the

position were also zero. Only the initial orientation angles of the pelvis

had to be computed.

These initial angles were computed from the accelerometer outputs

recorded during the initial standing phase. These outputs were determined

by the orientation of the sensitive axis of the accelerometer with respect

to the gravity vector(&=-lZ) in the fixed coordinate system. The

gravitational vector, in the bodv-centered system, can be computed from

R
gB = B g R(.3

where,

gB gravity vector in body-centered coordinate frame
R

C B = inverse of the transformation matrix, equation (2.46)

0

g R 0 gravity vector in the fixed coordinate system

-1

Performing the matrix multiplication indicated in equation (4.3) yields

-sine cos]

gB sin 1 (4.4)

-cos 0 cosJ

Therefore, the accelerometer outputs during standing are:

a1 = -sin 6cosl (sensitive axis along 1) (4.5)

a = sin (sensitive axis along 2] (4.6)

a3 = -cos 6 cos [sensitive axis along 3] (4.7)

It is significant to note that angle R is missing from the above

equations. Recall that the last rotation of the body-centered system, to

bring it into coincidence with the fixed system, was through angle 6 about

the Z axis. Conversely, the first rotation of the fixed system, to bring

it into coincidence with the body-centered system, was through angle 6
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about the Z axis, as shown in Figure 4-13. If the body-centered system i

initially aligned with the fixed system, then all accelerometers are

either horizontal or vertical and output 0 or -1 g. A rotation about tLe

Z axis will not effect any of the accelerometer outputs since the

gravitational vector is aligned with the Z axis. The rotation sequence

used in this study resulted in a more generalized solution than the norfal

Euler angle sequence in that the subject did not have to stand or walk in

any particular direction. If the initial value of was assumed to be

zero, this resulted in the Y axis being located in the direction the

subject was facing. The subjects were free to select the direction in

which they began to walk and were not restricted to following a line on

the floor representing the Y axis. The Y axis, for computational purposes,

was automatically set to the direction the subject selected during the

initial standing phase.

The computer program INANGL solved equations (4.5), (4.6) and (4.7'

for the initial angles and 8 and set the initial value of to zero.

The input data to INANGL were the average outputs of all accelerometers

oriented in one particular measurement direction. These were computed i.

the statistics program, STADAT, and stored in data file COSTAT.DAT.

If a small error, in zero offset, was present in the initial

conditions, errors could be produced in the solution by the integration

process. The integral of a constant is a ramp function, shown in

Figure 4-14. Therefore, if a small offset error was present in the initi.l

,cdutions of a periodic function which was to be integrated, the output

-ir witt a ramp function superimposed on the solution as shown in

: o non-linear, or cross-coupled, differential

. , J i .J, t her (, f , set errors could introduce low

r itvr than the simple ramp

h t uxtrem.lv
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difficult to eliminate all offset errors and therefore a digital bandpass

filter was used after every integration to remove any low frequency errors

in the solution.

The digital filter used in this study was a recursive, eighth order,

Butterworth bandpass filter, Hamming(1977). The filter was programmed as

subroutine BNDPAS and was called by all the filtering programs during data

processing. The bandpass frequencies were entered when the filter program

was run which allowed these frequencies to be adjusted for each specific

filtering operation. A recursive filter was used to eliminate any phase

shift in the output caused by the filtering process. Butterworth

filters(and most other filters) are not symmetric and therefore the phase

relation between output and input is not the same for all frequencies. The

recursive filter eliminates the phase shift by processing the data in the

forward direction and then reprocessing the output in the reverse

direction. If there is a phase shift at a given frequency, produced in tile

forward pass through the filter, the same phase shift, with opposite sign

at the same frequency, is produced in the reverse direction. Therefore,

the two phase shifts exactly cancel when the output of the forward

direction pass is reprocessed in the reverse direction.

For the angular velocity, acceleration and velocity integrations, t".t

filtering of the integrated output was followed by programs to compute thu

mean value of the integrated data. If the mean value was not zero, then

the computed mean was subtracted from the integrated data to ensure that

the mean of the integrated data was zero prior to beginning integration of

the next variable in the sequence. For example, programs FILVEL,VEMLAN and

ADJVEL were run following the integration of the acceleration data. Low

frequency errors in the velocity data output by this integration were

removed by FILVEL. The mean values of the data were computed by VEMEAN and

then adjusted to zero by ADJVEL. This process minimized any offset errors



present in the velocity data before it was integrated to produce position

data. This method was only implemented when the initial conditions for

the following integration were assumed to be zero and proved to be very

effective in eliminating integration errors caused by zero offset error.

The testinig performed on the measurement system and the data

processing method will be discussed in the following section.

I



Figure 4-16. Hydraulic Bench Test Apparatus.
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4.6 Testing of the Experimental Method

The accelerometer measurement system, and its associated data

processing programs, developed in this study was tested experimentally to

compare it with other kinematic measurement systems. Experimental

verification of the method was used because a generalized theoretical

verification is virtually impossible. The non-linear differential

equations developed in this study have no known analytical solution.

Therefore, it is impossible to specify input variables which can be

processed and then compared with a known solution to estimate the accuracy

of the computing method. It is also impossible to track the propagation of

errors in accelerometer alignment, cross-axis sensitivity, etc. through

the complex theoretical equations which were developed in chapter 2 with

any degree of confidence in the results. In addition, the experimental

comparisons were made based on the results obtained from data processing

and therefore any differences include all error sources present in the

equipment and data processing method. Two tests were conducted: the first

tested the systems effectiveness in computing rotational parameters, the

angular velocity and angular position, and the second compared the

translational displacements computed by the accelerometer method with

those measured by the traditional cinephotographic method.

The rotational test was performed with a hydraulic bench

apparatus(electrohydraulic servomechanism system) located in the Control

Electronics Laboratory of the Engineering Science Department at Oxford

University. This apparatus, shown in Figure 4-16, consisted of a shaft

which was rotated by a hydraulic actuator. The operation of the hydraulic

actuator was controlled electrically. A simplified block diagram of the

system is shown in Figure 4-17. The signal generator was adjusted to input

the desired motion, in the form of a voltage signal, to the electronic

control circuits. The control circuits produced the necessary electronic



Figure 4-18. Accelerometer Body Mount Installed on Hydraulic Bench Shaft.
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signals for the servo valve which controlled the flow of oil to the

hydraulic actuator. The oil flowing through the hydraulic actuator caused

the shaft to rotate. A potentiometer and tacho-generator measured the

angular position and angular velocity of the shaft. These two outputs,

"feedback" signals describing the actual motion of the shaft, were used by

the control circuits to adjust the electrical servo valve signals to

ensure that the actual shaft motion closely matched the desired motion.

This explanation has been brief and simple, but should provide sufficient

information to understand the test procedure.

The accelerometer body mount was securely attached to an aluminum

disc mounted on the shaft, shown in Figure 4-18. In this position, the

body mount rotated about the 2 axis when the shaft was rotating. The

accelerometers had been temperature stabilized and calibrated, using the

method previously described, before being mounted on the shaft. The

signal generator was adjusted to produce a sinusoidal oscillation of the

shaft and the amplitude of the oscillation was adjusted by increasing or

decreasing the output voltage. The output signals from the accelerometer

difference amplifiers, the potentiometer(measured angular position of the

shaft) and the tacho-generator(measured angular velocity of the shaft)

were recorded on a six channel tape recorder for playback into the

computer.

Three rotation tests were performed and each consisted of starting

the shaft oscillating from a stationary position, recording the output

signals for 10 to 15 seconds and then stopping the oscillation. The signal

generator voltage level was adjusted to produce +2.5', +6' and +120

oscillations of the shaft. After the test data were recorded, the

accelerometer body mount was removed and the accelerometers were

recalibrated. The mean values of the before and after test calibrations

were used as the accelerometer scale factors and offsets in data
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processing. The scale factors of the potentiometer and tacho-generator

were measured and found to be -3.82 volts/radian and

-0.237 volts/radian/second respectively.

The data recorded during the tests was then stored on the computer

and the accelerometer data were processed using the programs necessary to

produce the angular velocity and angular position. The potentiometer and

tacho-generator voltages were converted to degrees and radians/second

using the measured scale factors. The results were then plotted and the

mean absolute differences between the measured and computed rotations were

calculated. The graphical results of a single cycle of one test are shown

in Figure 4-19. The complete graphical results of all three tests are

contained in Appendix H. The mean absolute differences between the

measured and computed angular velocities for the three tests were 0.079,

0.163 and 0.295 radians/second. The corresponding peak to peak amplitudes

were 1.26, 3.24 and 7.37 radians/second and therefore the mean difference

between the measured and computed angular velocity was less than 6.2% of

the peak to peak amplitude. Similarly, the mean absolute differences

0 0

between the measured and computed angular position were 0.33 , 0.81 and
0

1.62 . The corresponding peak to peak amplitudes were 5.60, 13.60 and

28.60. The mean difference between the measured and computed angular

position was less than 6.0% of the peak to peak amplitude for the three

tests. These results indicated that the accelerometer system developed in

this study could measure the angular velocity and angular position to

within 7% of the peak to peak amplitude of the motion.

Translational displacements computed by the accelerometer method and

the traditional cinephotographic method were used to assess the

accelerometer measurement systems effectiveness in determining the

translational parameters. In this test, black skin markers, normally

placed on anatomical landmarks, were attached to the accelerometer body
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mount. A basic walking test sequence was conducted on a male subject wit.

simultaneous recording of the walk on 16mm cine film with two cine

cameras.

The cinephotography method used in this test was developed by

Miss L. Huntington for use in the OOEC gait laboratory. Two hibh speed

Bollex cine cameras were located as shown in Figure 4-20. To describe the

coordinates of filmed markers in three dimensions, it was necessary to

have two projective observations for each marker and a knowledge of the

camera parameters, e.g. focal length, position, attitude and image

distortion. The camera system was calibrated using a three-dimensional

target system which consisted of four targets on each of nine vertically

hanging threads. The threads were positioned so that the cameras could te

aligned properly using the principles of parallax. Using the known

calibration target distances and the distances between calibration targets

on the projected image(from the processed cine film), the focal length cf

the camera/projector system was calculate,'. Estimates of the image

distortion were made by filming a grid of known dimensions and measuring

the distortion on the projected image.

After filming the calibration targets, the subject was filmed

walking, with the accelerometer body mount in place, by the cine cameras

running synchronously at 50 frames/second. Three walking tests were

performed in which cine filming and accelerometer data recording were

accomplished simultaneously. The cine films were developed and then

projected through an analyzing projector onto a digitizing table. One

frame of cine film, being projected, is shown in Figure 4-21. The

necessary camera/projector system parameters were determined by digitizing

the projected calibration targets located on the first few frames of the

cine film. The projected body mount marker coordinates were then digitized

for each time interval during one step cycle. Using computer analysis, the
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three dimensional coordinates of the body mount markers, corrected for

distortion, were calculated for one step cycle from each of the three

walking tests.

As it was physically impossible to place a skin marker at the origin

of the accelerometer body mount, markers were located 8 cm above and 8 cm

below the origin. After obtaining the coordinates of these markers from

the cine film analysis programs, the origin location was determined by

computing the midpoint location between the two markers. The three

dimensional location of this midpoint, calculated using cinephotography,

could then be compared to the location of the origin of the body mount,

calculated using the accelerometer method. Because the accelerometer

method computed relative displacements and the cinephotography method

computed absolute(in terms of its fixed reference system) displacements,

the cinephotography coordinates were modified to yield relative

displacements. This was accomplished by subtracting a constant offset from

the 3 axis data, representing the height above the floor, and a ramp

function from the 2 axis data, representing the distance walked in the

plane of progression.

A graphical comparison of the cinephotography and accelerometer

displacement data for one walking test is shown in Figure 4-22. Tile

results for the other two walking tests are contained in Appendix 11. Tht:

mean absolute differences(in mm) between the two methods for the three

step cycles analyzed were:

Walk I Walk 2 Walk 3

Axis 1(right hand direction) 13.4 8.2 9.6
Axis 2(progression direction) 18.0 9.0 18.4
Axis 3(vertical direction) 6.8 7.2 8.1
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From this test one could only conclude that the two methods produced

comparable results for translational displacement as no precise accuracy

was available for either method.

In the following chapter the results of the walking tests, using the

accelerometer measurement system developed in this study, conducted on

male and female subjects will be presented.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Introduction
5.2 Method of Presenting the Experimental Results
5.3 Rotational Results

5.3.1 Pelvic Rotation Results: Normal Females
5.3.2 Pelvic Rotation Results: Normal Males
5.3.3 Pelvic Rotation Results: Normal Females in High Heels
5.3.4 Pelvic Rotation Results: Normal Males with Back Load

5.4 Translational Results
5.4.1 Pelvic Translation Results: Normal Females
5.4.2 Pelvic Translation Results: Normal Males
5.4.3 Pelvic Translation Results: Normal Females in High Heels
5.4.4 Pelvic Translation Results: Normal Males with Back Load

5.1 Introduction

The experimental results obtained by measuring and processing data

using the procedures outlined in the previous chapters are presented in

this chapter. A discussion of the method used to present the results is

contained in the first section. The remaining sections contain the

rotational and translational results obtained for each of the walking

tests conducted in this study.
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5.2 Method of Presenting the Experimental Results

The experimental results obtained during this study were presented in

graphical form to permit visual observation and interpretation. The

results have been limited to the central three step cycles from each of

the walking tests. The subjects typically completed six to seven step

cycles during one walking test; the first and last few step cycles were

not included since the subjects began and ended each walking test in a

stationary position. Only the central cycles of the walking test were

considered representative of the normal walking pattern of the subject. A

typical set of results for the complete walking test, with the central

three walking cycles analyzed marked by vertical lines, is shown in Figure

5-1.

The three central step cycles were selected for analysis using

computer program SCNPOS. This program scanned the vertical pelvic position

data for minimum points and displayed them on the terminal screen. The

time at which the minimums occurred and the data storage locations were

also displayed. The operator selected the data storage locations for the

beginning and end of the central three cycles and then, using program

PLOTIT described in chapter 4 (p. 99), displayed the position data on the

terminal screen. The plot shown in Figure 5-1, without the vertical lines

and heel strike labels, is typical of the display generated by PLOTIT.

When the locations of the three cycles to be analyzed had been visually

verified, the operator recorded the first and last data storage locations.

He also insured that the first and last data points were left heel strikes

by observing the right/left position of the pelvis, designated by abscissa

label POS 1 . When the left heel strikes the ground the pelvis should be
V

movimg to the left side(i.e. going negative in the plot).
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One left step cycle was defined, in this study, as the cycle

beginning and ending with left heel strike and is shown in Figure 5-2. The

step cycle consists of a stance phase, when the left foot is in contact

with the ground, and a swing phase, when the left foot is in the air. The

stance phase normally amounts to 61% of the cycle and the swing phase 39%,

Murray, et.al.(1966). The right heel normally strikes the ground at 50% of

the cycle and the double support phase, when both feet are in contact with

the ground, ends at 61% of the cycle, when left toe off occurs.

Each subject chose their own walking speed and therefore the amount

of time for one step cycle was different for each subject, from 0.85 to

1.20 seconds. To reduce all data to the same scale, for comparison

purposes, the ordinate scale was converted from time to percent of the

left step cycle. This was accomplished by using program STORE3 which

converted the data recorded for all seven subjects in one test to the same

number of data points on a zero to 300% ordinate scale. This scale

represented the three central step cycles stored for analysis where the

appropriate step cycle event percentage carried on through three cycles,

i.e. right heel strike occurred at approximately 50%, 150% and 250%.

Each plot, presented in the results sections, consists of one heavy

line, representing the mean of the values computed for the seven subjects

in one test, and two dashed lines, representing the maximum and minimum

values. A sample of one plot from the results section is shown in Figure

5-3. All three lines together represent the mean and extreme values

computed at one position in the step cycle for the seven subjects

participating in one test. Therefore, the individual plots of the measured

parameters for each of the seven subjects lie within the dashed lines.

This method of presenting the results was chosen to reduce the volume of

graphical data and yet retain the essential information.
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The mean values, shown in the plots, should not be considered to

represent a "normal" value for the tests conducted in this study. The word

normal can be ambiguous when used to describe kinematic parameters since

kinematic functions vary widely from individual to individual. Unless a

statistical study of a large, random population of normal subjects is

made, the strict mathematical definitions of mean and normal do not apply.

The word normal, when used in this study, does not imply a corresponding

mathematical precision, but is intended to indicate the non-mathematical,

subjective use of the word normal, that is a typical result obtained from

a healthy subject. Therefore, a normal result may not coincide with the

mean values plotted, but would be expected to lie within the maximum and

minimum ranges; deviations from the mean curve should not be classified as

abnormal.

The results of each test were plotted for each of the three

coordinate axis directions. The coordinate system was a fixed system with

the axes and rotations shown in Figure 5-4. The axis direction is

indicated in the plots as a subscript on the abscissa label. The

rotational and translational motions were described by the following:

(1) Sagittal plane rotation was about axis 1; a positive
rotation occurred when the anterior section of the pelvis
moved up.,ard.

(2) Coronal l)lane rotation was about axis 2; a positive rotation
occurrec when the right side of the pelvis moved downward.

(3) Transverse plane rotation was about axis 3; a positive
rotation occurred when the right side of the pelvis moved
anteriorly.

(4) Right/left translation was along axis 1; a positive motion
occurred to the right.

(5) Anterior/posterior translation was along axis 2; a positive
motion occurred anteriorly.

(6) Vertical translation was along axis 3; a positive motion
occurred upward.
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In addition to the plots, a table of the cadence and average peak to

peak value of each parameter is presented. This peak to peak value was

the average of the peak to peak values which occurred in the three central

step cycles for each subject. A mean peak to peak value for the seven

subjects is also shown in each table.

The rotational and translational results of the data measured and

processed using the methods outlined in this section and chapter 4 are

contained in the following sections.
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5.3 Rotational Results

The following sections contain the experimental results of the

angular velocity and angular position of the pelvis measured in this

study. A brief description of the walking test precedes the graphical

results presented in each of the following sections.
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.3.1 Pelvic Rotation Results: Normal Females

The plots and table contained in this section show the rotational

results for tests of female subjects walking barefoot and in low heeled

shoes. The angular velocity,W , and the rotation angles, i, B and B, are

shown for each of the three coordinate axes.
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5.3.2 Pelvic Rotation Results: Normal Males

The plots and table contained in this section show the rotational

results for the tests of male subjects walking barefoot and in shoes. The

angular velocity,w , and the rotation angles, a, e and 8, are shown for

each of the three coordinate axes.
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5.3.3 Pelvic Rotation Results: Normal Females in High Heels

The plots and table contained in this section show the rotational

results for the walking test of female subjects wearing high heeled shoes.

The angular velocity,w , and the rotation angles, 4,e and a, are shown

for each of the three coordinate axes.
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5.3.4 Pelvic Rotation Results: Normal Males with Back Load

The plots and table contained in this section show the rotational

results for the walking test of male subjects wearing shoes and carrying a

13.6 Kg load on their back. The angular velocity,w , and rotation

angles, , e and , are shown for each of the three coordinate axes.

II
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5.4 Translational Results

The following sections contain the experimental results of the

acceleration, velocity and position of the pelvis measured in this study.

A brief description of the walking test precedes the graphical results

presented in each of the following sections.

I-I
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5.4.1 Pelvic Translation Results: Normal Females

The plots and table contained in this section show the translation

results for tests of female subjects walking barefoot and in low heeled

shoes. The acceleration, ACC, velocity, VEL, and position, POS, of the

pelvis are shown for each of the three coordinate axes.
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5.4.2 Pelvic Translation Results: Normal Hales

The plots and table contained in this section show Lhe translation

results for tests of male subjects walking barefoot and in shoes. The

acceleration, ACC, velocity, VEL, and position, POS, of the pelvis are

shown for each of the three coordinate axes.
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5.4.3 Pelvic Translation Results: Normal Females in High Heels

The plots and table contained in this section show the translation

results for the walking test of female subjects wearing high heeled shoes.

The acceleration, ACC, velocity, VEL, and position, POS, of the pelvis are

shown for each of the three coordinate axes.
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5.4.4 Pelvic Translation Results: Normal Males with Back Load

The plots and table contained in this section show the translation

results for the walking test of male subjects wearing shoes and carryin, a

13.6 Kg load on their back. The acceleration, ACC, velocity, VEL, and

position, POS, of the pelvis are shown for each of the three coordinate

axes.

A discussion of the results presented in this chapter and a

comparison of the results of this study with those reported by other

researchers is contained in the following chapter.
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Chapter 6

DISCUSSION OF RESULTS

6.1 Introduction
6.2 Comparison of Results with Previous Studies
6.3 Effectiveness in Detecting Changes in Pelvic Motion

6.4 Observations from Visual Interpretation of the Results

6.1 Introduction

A discussion of the results, limited to the scope of this study, is

presented in this chapter. The measurement results obtained using the

accelerometer method are compared to results obtained in the studies by

previous researchers which were discussed in chapter 1. The second

section contains an analysis of the effectiveness of the accelerometer

method in detecting changes in pelvic motion using a nonparametric

statistical method. In the final section, some general observations fro-

visual interpretation of the plots contained in chapter 5 are presented.

I"A



Number Transverse Sagittal Coronal
of Plane Plane Plane

Subjects Rotation Rotation Rotation

Previous Studies (female):

Murray, et.al. (1970) 30 9.60 5.00
Low-Heels (2a ±.80) (20 ±.6 ° )

Murray, et.al. (1970) 30 10.00 4.70
High-Heels (20 ±+.70) (2c ±. 70)

Previous Studies (male):

Levens, et.al. (1948) 12 7.70

Murray, et.al. (1964) 60 100 + 3.50 60

Murray, et.al. (1966) 30 11.50 + 3.80 60

Klopsteg & Wilson (1968) 12 80

Murray, et.al. (1969) 64 9.00 + 4.00 4.00 + 0.30

Lamoreux (1971) 1 10.40 + 2.00 6.90 + 3.00 6.10 + 1.00

This Study:

Female (barefoot) 7 10.00 4.80 12.70
(20.3/4.1) (8.5/1.8) (18.8/8.6)

Female (low heel shoes) 7 9.00 4.40 11.00
(18.3/5.1) (7.6/2.0) (17.3/6.5)

Female (high heel shoes) 7 9.51 5.3) 13.00

(15.2/4.2) (8.7/1.9) (17.6/9.9)

Male (barefoot) 7 6.60 3.60 7.20
(14.8/3.7) (5.3/2.6) (10.9/4.3)

Male (shoes) 7 6.7' 3.3 7.30
(14.5/2.7) (4.9/2.2) (10.9/4.3)

(Maximum/Minimum)

Table 6-I. Pelvic Rotation Angles for Previous Studies
and This Study.
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6.2 Comparison of Results with Previous Studies

In this section the pelvic rotation angles and displacements reported

in previous studies will be compared with the results obtained in this

study. Since no studies measuring angular velocity, translational

acceleration and velocity and male subjects carrying back loads were

found, comparisons cannot be made for these measurements. The purpose of

the comparisons made in this section was to establish that the

accelerometer method developed in this study produced results comparable

to other studies. The number of subjects tested was too few to allow more

than a subjective comparison. Therefore, a determination of the system

accuracy and the establishment of normal values for the subjects was not

accomplished.

The pelvic rotation angles reported in previous studies and those

measured in this study are shown in Table 6-1. In general, these rotation

angles compare very favorably and support the validity of the measurements

obtained using the accelerometer method developed in this study. A careful

examination of the data in Table 6-1 reveals some significant

relationships.

The only previous study of pelvic motion of female subjects was

reported by Murray, et.al. in 1970. The transverse and sagittal plane

pelvic rotations were measured for level walking in both low and high

heeled shoes. The mean transverse pelvic rotation measured was 9.6 in low

heels and 10.0 in high heels; the same rotations measured in this stud%

with accelerometers were 9.00 in low heels and 9.5c in high heels. The

0

mean sagittal pelvic rotations reported by Murray, et.al. were 5.0 in low

heels and 4.7" in high heels compared to the accelerometer results in this

study of 4.40 in low heels and 5.30 in high heels. The results obtained

in this study showed very _ood agreement with the results reported by

Murray, et.al. for female subjects.
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The results for male subject studies are also shown in Table 6-1. The

male subjects were tested wearing shoes in all the previous studies. In

this study, the mean transverse pelvic rotation was found to be 6.60 for

males walking barefoot and 6.70 for males wearing shoes. Levens,

et.al.(1948) reported this rotation to be 7.70. The three studies by

Murray, et.al. and the study of one subject by Lamoreux reported values

from 9.0 +4.0 to 11.5 +3.80. The mean values obtained in this study were

smaller, but are still within the range of values reported in the previous

studies. In addition, Murray, et.al.(1964) reported a mean value of 6.40

for male subjects of medium height; five of the seven subjects tested with

the accelerometer method in this study were of medium height. This

difference in height, coupled with the small number of subjects tested,

may account for the differences. If the range of measured values are

compared, 2.7 to 14.8 for this study and 5.0 to 15.3 for previous

studies, then the accelerometer method developed in this study clearly

produced results comparable with those from previous studies.

When the sagittal pelvic rotations are compared, the results again

compare favorably. Murray, et.al. report in their early studies a value 3f

60, but in their latest study(1969) a value of 4.00+0.30 was reported.

Lamoreux reported, for the one subject he tested, a sagittal rotation of

6.9+3.00. For this study, mean values of 3.60 for barefoot and 3.30 for

walking in shoes were measured; the rangc of measurements was from 2.20 tk

Coronal plane pelvic rotation results from the University of

California at Berkeley study were reported in Klopsteg and Wilson(1968) as

having a mean value of 80. Lamoreux reported a value of 6.10+1.00 in his

1971 study. The mean value measured with the accelerometer method in this

study was 7.20 for barefoot and 7.30 for walking in shoes with a range

from 4.30 to 10.90. These results show very good agreement.



Number Anterior/
of Right/Left Posterior Vertical

Previous Studies: Subjects Displacement Displacement Displacement

Lamoreux (1971) 1 3.4 cm 4.0 cm 4.2 cm

Waters, et.al. (1973) 5 2.6 cm 4.5 cm 4.2 cm

This Study:

Male (barefoot) 7 3.2 cm 3.8 cm 5.1 cm
(4.1/2.3) (5.9/2.2) (7.1/316)

Male (shoes) 7 3.1 cm 4.8 cm 5.5 cm
(3.7/2.7) (6.6/3.1) (7.1/4.2)

(Maximum/Minimum)

Table 6-II. Male Subject Pelvic Displacements for
Previous Studies and This Study.
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Unly two previous studies of pelvic position have been reported,

Lamoreux(1971) and Waters, et.al.(1973). both of these studies were

accomplished with the subjects walking on a treadmill in contrast to the

free level walking used in this study. The results of these studies and

the present study are shown in Table 6-11. Lamoreux and Waters, et.al.

reported right/left pelvic displacements of 3.4 and 2.6 cm while the

results from this study were 3.2 cm(barefoot) and 3.1 cm(shoes). These

previou- studies found the anterior/posterior displacement to be 4.0 and

4.5 cm compared to 3.8 cm(barefoot) and 4.8 cm(shoes) measured in this

study. Both Lamoreux and Waters, et.al. reported the vertical pelvic

displacement to be 4.2 cm; values of 5.1 cm(barefoot) and 5.5 cm(shoes)

were measured with the accelerometer method of this study. The agreement

between these three studies is very good despite the limited number of

subjects tested.

Although only a small number of subjects were tested with the

accelerometer method developed in this study, and only a limited number cf

previous studies of pelvic motion have been reported, the results obtained

with the accelerometer method are comparable to those obtained using other

measurement methods.
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6.3 EffectivkLiess in Detecting Changes in Pelvic Motion

The limitd number of subjects tested precluded the use of the

standard paramrktric statistical tests to evaluate the results. The

following conditions must be met to apply parametric statistical methods

of analysis:

(I) rhu measurements must be independent.

(2) The measurements must be drawn from normally distributed

populations.

(3) These populations must have the same variance.

When using parametric statistical methods, it is often assumed that if a

sufficiently large number of subjects are tested, then conditions (2) Z.n

(3) are true. even subjects is not a sufficiently large enough number tD

make this assumption. Therefore, a nonparametric statistical test was

used to determine the effectiveness of the accelerometer method in

detecting changes in pelvic motion.

The use of any statistical test requires a statement of the null

hypothesis and the selection of a test and level of significance. The

null hypothesis is normally formilated for the purpose of being rejected.

The null hypothesis for this study was:

The accelerometer method developed in this study
cannot detect changes in pelvic motion parameters between:

(1) female subjects walking barefoot, in low heeled shoes,
in high heeled shoes

(2) male subjects walking barefoot, in shoes, carrying a
load on their back.

This hypothesis implied that the measured values of the pelvic motion

parameters would not be significantly different between the same subject

performing level walking with different footwear or while carrying a load

on the back.

'I
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The randomization test for matcned pairs was used in this study to

test the null hypothesis. The exact probability associated with the

occurrence of the measured results can be calculated with a randomization

test. The only requirements which must be met are: the measurements must

be independent and have numerical meaning in at least an interval sense.

The measurements made in this study fulfilled these requirements. The

randomization test uses all the information in the measurement data and is

100 percent efficient on data which may be analyzed using the standard

parametric t test. Therefore, the randomization test has the same power to

reject the null hypothesis as the t test without assuming a normally

distributed population with the same variance. An excellent description of

the specific details on applying the randomization test for matched pairs

is contained in Siegel( 195 6) and this textbook should be consulted for the

specific details of the method.

The results of applying the randomization test to the measured

results obtained in this study are shown in Table 6-Il1. The table

contains the calculated probability of occurrence for each of the measured

parameters under the hypotheses stated. These hypotheses were formulated

as alternatives to the null hypothesis previously stated. Under the null

hypothesis, no significant differences between measurements should occur.

Therefore, the tests should produce no probabilities less than the level

of significance.

The probabilities below a level of significance of 0.05 are

underlined in Table 6-111. In 17 cases, at a level of significance of

0.U5, a significant difference between the measured data was observed.

Therefore, the null hypothesis could have been rejected with a probability

of 0.05 that it was falsely rejected. If the probabilities are examined for

values below a level of significance of 0.01, five parameters show a
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significant difference. Therefore, the null hypothesis was rejected with a

confidence level of 99 percent.

Based on this statistical analysis, the accelerometer method

developed in this study was effective in detecting changes in pelvic

mot ion.
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6.4 Observations from Visual Interpretation of the Results

In addition to calculating numerical results from the measured data,

there are some interesting observations which can be made by visual

interpretation of the plots. By observing the differences in general curve

shape between the mean and extreme values, it is possible to assess

subjectively the variation between individuals for a particular pelvic

motion parameter. The most striking example of this was the difference in

the sagittal plane rotation angle(B) for female subjects walking barefoot

and in low heeled shoes. Examining the plot of theta in Figure 5-8, it was

apparent that the mean, maximum and minimum curves all had the same basic

shape. Therefore, the seven female subjects walked with the same sagittal

plane motion and the major variation between individual subjects was tht-

amplitude, or total degrees of rotation. Observing the same parameter i;

Figure 5-6, it was obvious that the shape of the three curves was not tl-

same. Therefore, not only did the amplitude vary from individual to

individual, but the manner in which individual female subjects rotated

their pelvis in the sagittal plane varied. From these observations, one

may conclude that female subjects exhibit greater individuality in

sagittal plane pelvic rotation walking barefoot than they do in low heeled

shoes.

Extending this method of visual interpretation, the following

observations were made concerning the pelvic motion parameters measured in

this study:

(1) If variation between individual subjects was observed in the
rotation angles, this variation would be greater in the
corresponding angular velocity.

(2) If variation between individual subjects was observed in
pelvic position, this variation would be greater in the
corresponding velocity, and even greater in the
corresponding acceleration.
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These observations, although based on a limited number of subjects,

suggest that a researcher, or clinician, should use caution in selecting a

particular parameter of pelvic motion for analysis. Similar caution should

be exercised in attempting to analyze the results of measuring a

particular parameter. For example, if the purpose of testing a subject was

to determine if the subjects pelvic motion was normal, then a comparison

of pelvic position would be more suitable than a comparison of pelvic

angular velocity. In testing for "normality", a parameter which showed

very little difference between subjects should be chosen. However, if the

purpose of testing was to determine if a change in an individuals pelvic

motion occurred due to some modification to the lower limb, such as

applying an orthosis, it would be more appropriate to select a parameter

such as angular velocity or translational acceleration. These parameters

are more individualized and therefore small variations in pelvic motion

would be more readily discernible.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

7.2 Conclusions

7.3 Recommendations

7.1 Introduction

Studies of human locomotion have been undertaken for various reasons.

The earliest studies were probably begun with a desire to acquire new

knowledge and a curiosity of the unknown. Most of the modern studies have

been related to improving our understanding of normal walking and the

problems associated with pathological gait. Any attempt to restore normal

functioning when the locomotor system is damaged must be based on accurate

knowledge of the functions of the parts of the body involved. This

includes surgical procedures to repair, or replace, the damaged bones,

joints or muscles and physiotherapy to improve the functioning of impaired

lower limbs. When irreparable damage occurs, the normal locomotor system

must be supported externally or replaced. The design of orthotic and

prcsthetic devices should rely on sound mechanical principles and be aimed

at restoring near normal functioning of the locomotor system. Any

improvement in surgical procedures, physiotherapy techniques, orthoses or

prostheses depends on better knowledge of how the locomotor system

functions.

The vast majority of the studies of human locomotion have focused on

defining the motion of the lower limbs. The study begun in 1947 at the

University of California at Berkeley was very comprehensive and clearly

identified the overall motion of the lower limbs during walking. This

study also began the development of modern techniques to evaludte the
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design and function of orthoses and prostheses. Other studies have

further refined and added to our knowledge of the positions of the lower

limbs during various locomotion activities. Although the literature

contains many references to the importance of understanding the movement

of the pelvis in both normal and pathological gait, there have been very

few studies devoted to this end.

In this final chapter, the conclusions reached during this study of

the kinematics of the pelvis and some recommendations for the future use

of the accelerometer measurement system are presented.

I
I!

I

I,



7.2 Conclusions 7
In all the previous studies reporting on pelvic motion, the pelvic i

parameters were measured only as a small part of a larger study of lower

limb motion. The studies by Murray, et.al. discussed in chapters 1 and 5

were the only studies of pelvic motion conducted on a large number of

subjects. However, only two pelvic motion parameters were measured:

pelvic rotation in the transverse and sagittal planes. Only Lamoreux's

study measured all six pelvic motion orientation and position parameters

and his values were based on repeated tests of one subject walking on a

treadmill. As a result, the movement of the pelvis during human locomotin

activities has been defined only in very general terms.

This study was undertaken as a first step in determining, with

greater precision, how the pelvis moves during normal and pathological

human locomotion activities. The purpose was to develop a kinematic

measurement system capable of measuring the three dimensional rotation and

translation of the pelvis during walking. The system also had to be

capable of detecting changes in pelvic motion due to disorders of the

lower limbs. A planar eight accelerometer kinematic measurement system VIs

developed and tested which fulfilled the purpose of this study.

The accelerometer measurement system was tested experimuntallv; tht

test results were reported in chapter 4. The system was also tested on

male and female subjects during level walking activities and a comparisc-

of the walking test results with previous studies was made in chapter 6.

These tests established that the accelerometer measurement system produc-d

results very comparable to those obtained using different measurement

systems. A statistical analysis, also reported in chapter 6, clearly

demonstrated that tile accelerometer measurement system was capable of

detecting changes in pelvic motion.
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In addition to measuring the orientation and position of the pelvis

in three dimensions, the accelerometer method developed in this study also

measures the angular velocity and translational acceleration and velocity

of the pelvis. As discussed in chapter 6, these parameters appear to vary

more than the orientation and position parameters from individual to

individual and would provide additional information on pelvic motion which

could prove particularly useful in studies of pathological gait. From the

description in chapter 4, the experimental method of calibrating the

system, collecting subject data and processing data may have appeared

complex and time consuming. However, with minimal training and practice,

a researcher should be able to complete the walking tests and data

processing for a subject within one hour.

Some recommendations for the future use of the accelerometer

measurement system developed in this study will be presented in the next

section.
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7.3 Recommendations

In this section three general recommendations for the future of the

accelerometer measurement system developed in this study will be

discussed. The first concerns the use of the present system, the second

suggests improvements which should be made to the accelerometers and the

third proposes some additional areas of kinematic measurement where the

method developed in this study could be applied.

The pelvic motion measurement system developed in this study should

be used in a clinical research environment, such as the Oxford Orthopaedic

Engineering Centre. This environment would provide the opportunity for

collaborative studies with orthopaedic surgeons on disorders of the lower

limbs. The initial studies should include as many normal subjects as

possible to provide the necessary statistical basis for establishing the

range of pelvic motion for normal healthy subjects. In addition to stucies

of orthopaedic disorders, the system could also be used to evaluate

orthotic devices applied to the lower limbs. These devices include braces

and other mechanical supports for the lower limbs and orthopaedic shoes.

By measuring the pelvic motion of a subject wearing different orthoses, it

would be possible to provide quantitative data for evaluating the

effectiveness of various orthoses designed for the same purpose.

The current accelerometer system performed very well and provided

satisfactory results. However, there were problems in fabricating and

assembling the accelerometers. The silicon beam sensing elements are vcry

fragile and 6 of 18 were broken during assembly in spite of working very

carefully under a microscope. Another problem was containing the siliccn

fluid within the accelerometer housing. Silicon is a well known release

agent and is contained only with carefully designed seals. The method of

applying a silicon compound to the ends of the accelerometer housing was

not the most effective method of containing the fluid. If more



Operating range: + 10 g's

Sensitivity: + 2 mv/v/g +25%

Cross axis sensitivity: <2% FS

Non-linearity and hysteresis: <1% FS

Resonant frequency: approximately 200 11z

Operating temperature range: -40 to +85 C

Nominal resistance: 1000 ohms

Resistance matching: <10%

Operating voltage: 10 volts maximum

Thermal sensitivity shift: -0.2%1°C

Thermal zero shift: <0.005% of FSO/0 C

Damping: 0.5 - 1.0

Weight: 3 grams

Table 7-I. AME Modified AE864C Specifications

Figure 7-1. ANE, Modified AE864C Accelerometer and the

Accelerometer used in this Study.
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accelerometers were to be fabricated, the current design should be

modified to provide adequate mechanical seals.

During this study there has been correspondence with AME of Norway,

the manufacturers of the silicon beam sensing elements, on a variety of

subjects. In a letter in December 1977 the production manager indicated

the company was considering production of a +10 g accelerometer

(previously the lowest range was +75 g) and sample quantities would be

available in February 1978. With further communication on this subject

they agreed to supply a modified version of the AE864C +75 g accelerometer

with specifications shown in Table 7-1. In May 1978 two accelerometers

were received; the modified AE864C accelerometer and the accelerometer

used in this study are shown in Figure 7-1.

Limited tests of the sensitivity and thermal zero shift of the two

AE864C accelerometers were conducted. The sensitivity was measured at

0.84 mV/V/g compared to 4.2 mV/V/g for the accelerometer developed in this

study. This would not be a problem as the gain of the amplifiers can be

increased to provide signals of the proper voltage level. Thermal zero

shift tests were performed on two occasions and the results indicated a

thermal zero shift of 0.006 %/VFS/0 C or 0.0012 g's/
0 C which was

approximately twice the value(in g's/0C) of the accelerometer developed in

this study.

Although the thermal zero shift was greater and the sensitivity

reduced for the AE864C accelerometer these values were still within the

acceptable range for this type of research. The major advantage of the

AE864C is its smaller size and weight and the use of this accelerometer

would result in a much smaller body mounted measurement package. It is

reconended that the AE864C accelerometer be used in any future research.

L - .......... . .. . . . ,.. I I III I I I I IIIIII I 
ti 

i
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The accelerometer measurement method developed in this study could also

be used in kinematic studies of the motion of other body members. With

appropriate modifications for mounting the system, this method could be

used to measure the three dimensional motion of the head, thorax, arms or

shank. Other studies have made acceleration or position measurements with

accelerometers, or targets, attached to these locations. This use of the

accelerometer system developed in this study would only be possible if

suitable mounting systems were developed. However, such applications could

be suitable areas of investigation for future studies.
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APPENDIXA

AE800 Silicon Element Specifications

a .-.. i. ...

Solid State Products

SEI'AICONDUCTOR AE 801f
AE 802

TRANSDUCER ELEMVIENTS AE 803

The A4E1IS 800 se'ries transducer elements represent an improvement in the
measuring arid control field. A silicon beam with planar diffused resistors
is the active element of this new multipurpose transducer element, which
converts force, pressure, movement, acceleration and angle etc. to electrical
signals.

A deflection of the beam gives a resistance change in the diffused resistors
on both sides of the beam. An electrical signal may be obtained which is

nearly prcportional to the defiection of the beam.

AE 800 features: AE 800 applications:

LOW IMPEDANCE PRESSURE IRANSDUCERS

HIGH OUTPUT SIGNAL LOAD CELLS
SMALL SIZE DErLECTION TRANSDUCERS

HIGH FREQUENCY RESPONSE ACCELEROMETERS
EASY MOUNTING INCLINOMETERS

etc.
AE 470/1

A.S A<'NMnb of thc AKERS lMArS A ELEECTRONICS
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STRAIN ( 1 PS : relative elongation of 10 )

The recommended maximum strain in the beam is 1000 uS, given by the formula:
• 1,5 .h' f

max L-

with the same nomenclature as above.

The maximum deflection of the beam corresponds to a resistance change

A R/R of the order of 5-6%.

At 6 volts supply voltage and maximum recommended deflection of the standard
size beam, the output voltage will be of the order of 150 mV.

TEMPERATURE EFFECTS

ZERO SHIFT is varying from

0,005%0 C to 0,05%0 C

depending on bridge matching, matching of the diffused resistors and chosen speci-
fications. Normally this effect is so small that it can be neglected.

SENSITIVITY SHIFT is of the order of

-0,2% 0 C

when the bridge is voltage fed. Under severe temperature conditions thermistor
compensation is recommended in the feeding system.

FREQUENCY RESPONSE

With normal beam dimensions the resonance frequency is approximately 7 kHz. By
loading the beam or changing the beam length and thickness, the resonance fre-
quency can be chosen within wide limits.

HANDLING

During handling and mounting care must be taken that the allowable strain Is not
exceeded. As a limit for the allowable strain in the beam, 1000 PS has been
chosen. During fabrication the element has been tested at 1500/PS and means should
therefore be provided that the maximum strain under no circumstances can exceed
1500 pS. A design which includes the transducerelement, must therefore include
means for overload protection. The design should also include provisions for pre-
venting unintended contact with the transducerelement, as this will most certainly
lead to destruction of the silicon beam. For mounting purpose cement, brackets or
other mechanical arrangement can be used.



SPECIFICATIONS

Exitation 6 V

Nominal resistance 1000 ohm

Nominal resistance matching 10%

Temperature coefficient of 3
individual resistors : 0,8"10 per C

Output voltage : 25 mV/V

AE801 P AE802P AE803P

Zero shift of complete element <0.005% <0.02% <0.05%

Gauge factor of individual of full scale per oC

resistors 55 - 70

Temperature coefficient of
gauge factor 2.10 per C

Modules of elasticity 1.6-104 kp/mm 2

Max dissipation 4 mW/°C in oil 1 mW/°C in free air

Non linearity at an output
signal of 25 mV/V ca. ±0.25% FS.

MECHANICAL DATA (Standard beam)

Case length : 5 mm
diameter : 1.8 mm

8eam length : 5 mm
:width : 1 mm

thickness : 0.1 mm ± 10%

Upon request -elements with thickness 0. 15 mm +10% can be delivered.

I, I



THE MEASUREMENT OF ACCELERATION USING THE Solid State Products
TRANSDUCER ELEMENTS AE 801 - 803 4

Introduction

1 . The transducer element consists of a silicon beam mounted in a special
header. The silicon beam has diffused resistors on each side. When
the tip of the beam is deflected, the resistors will change their values,
thus giving an electrical signal proportional to the deflection.

In order to achieve full scale output from the transducer element a deflection
of between 50 and 100 microns is needed. Therefore, if a spring element
can be made which g*ves this deflection when exposed to a physical
quantity such as acceleration, the transducer element will transform this
deflection to an electrical signal. In the following a brief description of
how acceleration measurements can be made with the transducer element
is given.

2. Measurement of acceleration

According to Newton's laws of motion, equilibrium always exists between
the sum of the external forces acting on a mass and the product of mass
and acceleration. It is therefore possible to design an accelerometer by
letting the inertial force (product of mass and acceleration) act on a spring
and measure the d eflection of the spring under influence of the inertial force.
The deflection of the spring will then be proportional to the acceleration that
the mass is exposed to.

The deflection of the spring element can be measured with the transducer
element provided that the spring element is designed to give a deflection
which is suitable for the transducer element,- that is 50 - 100,ro

SWI

" 3. Ways of desi.gning accelerometers

Accelerometers made with the transducer element can be separated into
2 groups, accelerometers with the silicon beam as the spring element and
accelerometers with other spring elements.

3.1 Accelerometers with the silicon beam as the spring
e I e m ent

For very high accelerations the inertial forces from the beam itself will
load the beam and deflect it. The sensitivity of the beam alone as an
accelerometer is given from the equation below. I

AKERS ELECTRONICS
Add res: 3191 Morten, Norway - Telephone: 4733 42 651 - Talmx Oslo 16527 - Telqramse: Micr*
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where

L free beam length mm

I length from tip of beam to the end of the resistors in mm

(L - - 1 mm)

h - beam thickness in mm

a =acceleration in 9's
9

The resonance frequency for the free beam is given from the equation below:

f = 1,31 . 106 h (h and L in mm give f in Hz)
L 2

The standard beam in the transducer element AE 801-803 with a free length
of 4 mm and thickness of 0, 1 mm will thus have an acceleration sensitivity
of 1500 uV/V/10O0 g and a resonance frequency of 8200 Hz.

If an increased sensitivity is desired, a weight can be added at the tip of the
beam. The output signal from such an accelerometer can be calculated from
the following equation:

6U 3 P.

bh2 E

where

P weight of mass under the influence of a given acceleration in kp

'= distance between centre of gravity of mass and centre of diffused
resistors in mm

* gaugefactor of resistors

b " width of beam in mm

h - thickness of beam in mm

E = modulus of elasticity of silicon - 1.6 - 104 kp/mm 2

The resonance frequency of such an accelerometer configuration can be cal-
culated from the following equation:

1 bh3 
' E

- h2 -

2to m

with the some nomenclature as above but with the addition of:

AE 2 6,71 7J00 1. T._.
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2
m = moss of added weight in kp s /

=distance from centre of pravity of weight to the clamping
edge of the beam in mm

3.2 Accelerometers with a separate spring element

Experience has shown that accelerometers should be able to withstand
acceleration loads of ab~out 1000 g without damage because such accele-
ration levels are reached during normal handling. Due to the difficulties
in designing stops for accelerometers with added weight at the tip, it is
recommended not to make them if they cannot withstand 1000 g

In this case it is rccommended to use a design with a separate spring ele-
ment. The motion of the spring mass system under influence of accelera-
tion is then detected by the silicon beam and transformed to an electrical
signal. In the fig, below one way of designing such a spring mciss system
is shown. The silicon beam can be prelooided or it is pe,-sible to use exci-
tation screws on both sides if a higher output signal is desired.

4. Characteristics of accelerometers

4.1 Frcquency rasonse of accelerometers

In the fiCgtw below, the output signal from an accelerometer exposed to a
constant acceleration is given as function of frequcrncy with ic:,pect to the
resonance frequoricy and damping.
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FREQUENCY RATIO

Accelerometers with the beam are all low damping devices and behave
essentially as accelerometers with c/cc O (Damping ratios of - 0.02 are
typical).

It is possible to increase the darhping ratio to, for instance, 0.7 by sur-
rounding the accelerometer with oil, such as silicon oil, with a proper
viscosity. This measure effects the sensitivity of the accelerometer and
must be taken into account when calculating the sensitivity.

4.2 Temperature effects

Temperature will effect accelerometers equipped with the beam in essen-
tially the same way as it effects the beam alone. The following two
effects in the beam are the most significant.

1. Zero-shift of the transducer element. The zero-shift of the trans-
ducer element can be selected by selecting elements of the classes
801, 802 and 803.

2. The sensitivity shift of the transducer element amounts to -0.2e//C
and this means that the output from the transducer element will
decrease by 20A for every 100C the temperature increases.

For a more detailed description of the beam, its behaviour under temperature
variations and the circuitry for use with it, an application note titled "The
transducer element AE 831 - 803 and how to use it", can be recommended.

.. . J 1il~ il . . . . .. . . .. .. . . . . .. . . . . . .. . i. . . . . . . . . . . . . ... ... . .. .. . . . ... . . . . . . . ..



A9
A.S AKEr.5 -LZCTC.N !CS

5. Summary

The transducer element AE 801, 802 and 803 are well suited for accelerometer

opplications and accelerometers with very high ranges and with low ranges can

be made. The main advantages of accelerometers made with the transducer
element are:

1. Cross sensitivity theoretically 0

2. Low source impedance

3. Small size

4. Low damping.

I1
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APPENDIX B

Accelerometer Design Program for Hewlett Packard HP-20

steps 0-11 steps 12-24
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APPENDIX C

Accelerometer Drawings

I - I, ,.-- z

I . ,
z

I.Z >
... .. ., -'. . ..f.J-,I - ,

300
"zO 0

-~~ - -j 1:

00'

L'U

oo ' -

-- ti/
0 00

j, , )*** -* ...0 -

a .- -T. . .- ,

,z' I 00I '- , ' '; -, i -'-

'- I i I- 'j-  /0 ' : ' ' -
07 1] / '- -I]E: "

.- ,'o "-

- ' i ,'"2 ,I-

,, < ,,; ,.;0.. r.l

14-  -- 3,- , Zd--i

,-. - ",b' - 0 -
00-

LL

A 7

: O I-)

'I I T.

re 7-"~

-, zc-

0T e

73:~



C2

LU

z 0
u,

'jj

IL~~I 7. ', 2

/ Ln

0 c

cc- I
CL ~ 00 L

Z0 ,

25O~

p1f

~coOWN"



AD-APQa 579 AIR FORCE INST OF TECH4 WRIGHT-PATTERSON AFB OH F/S A 16
THE DEVELOPMENT OF AN ACCELEROMETER SYSTEM FOR MEASURING PELVIC-- TC(U)
1979 D K MCMASTER

UNCLASSIFIED AFIT-79-209D NL

17 EEEEEEEEE
uuuuuuuurnn-lElhEEEEEEE
llllllumml-mE..'--

-mE...--.



C3

Z Lo

02 z

K ~ 0 0

iiIn

*j I

ccILJ
CL g I'

zz

w w1
,b '. - 1zk

I I2f

LO -.c <I

0

to

o x ~WI. .



020 
_

j - 4

- t In L

g. -

03 00

ck 11 7-1

C'-)

c-i'

'I ol



Ii

u
U

0 z

0 U- -

IIC 0 JL

v cz

*e a- -1I

-j 4-A

I z
;Ii

'ili

7+ . *C]
it 0

I4- 0,
LUJ

C. L, -l 
4

L

0 .E

C,

-- C--

V)-

a-DO



Pre-amplifier/Amplifier Specifications

. .... - .. -, [

.................... ........... .I- :L,
c'i;.. __

LM121/LM221/LM321 precision preamplli rS ,- .- :

general description 336 0h .oc8. -
The LM121 series are precision preamplifiers a Bias current lessu)wV lhA2;t0/uAoperating
designed to operate with general purpose opera- current
tional amplifiers to drastically decrease DC errors. E CMRR 120dB minimum
Drift, bias current, common mode and supply
rejection are more than a factor of 10 better than E 114dB supply rejection
standard op amps alone. Further, the added DC a Easily nulled offset voltage
gain of the LM121 decreases the closed loop gain Theextremely lowdrift of the LM121 will improve
error. accuracy on almost any precision DC circuit. For

The LM121 operates with supply voltages from example, instrumentation amplifier, strain gauge

±3V to ±20V and has sufficient supply rejection amplifiers and thermocouple amplifiers now using
to operate from unregulated supplies. The operat- chopper amplifiers can be made with the LM121.
ing current is programmable from 51iA to 200/jA The full differential input and high common mode
so bias current, offset current, gain and noise can rejection are another advantage over choppers. For
be optimized for the particular application while applications where low bias current is more impor-
still realizing very low drift. Super-gain transistors tant than drift, the operating current can be re-
are used for the input stage so input error currents duced to low values. High operating currents can
are lower than conventional amplifiers at the same be used for low voltage noise with low source
operating current. Further, the initial offset voltage resistance. The programmable operating current of
is easily nulled to zero. the LM121 allows tailoring the input character-

istics to match those of specialized op amps.

The LM121 is specified over a -55 0 C to 125'C
" Permits optimization of general purpose op amps temperature range, the LM221 over a -25'C to

" Replaces many specialized op amps 85 0C range and the LM321 over a 00 C to 70 0 C

features temperature range.

Alower drift versionwl the LM121 -the LM121A
a Guaranteed drift less than 1pV/°C when nulled series - is available for applications requiring

a Offset voltage less than 0.7 mV 0.2jV/ 0 C offset voltage drift.

schematic diagram*
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APin connections shown on schematic diagram and typical applications are for TO-5 package.



absolute maximum ratings
Supply Voltage ±20V
Power Dissipation (Note 1) 500mW
Differential Input Voltage (Notes 2, 3) ±1 5V
Input Voltage (Note 3) ±15V
Operating Temperature Range

LM121 -55 0 0 to 1250C
LM221 -25o C to 850 C
LM321 - O0C to 70 0C

Storage Temperature Range -65 0 C to 1500C
Lead Temperature (Soldering, 10 sec) 3000C

electrical characteristics (Note 4)

PARAMETER CONDITIONS LM121 LM321 UNITS

Input Offset Voltage TA = 250C 0715 m a6.4k < Rs. < 70k 0715 m a

Input Offset Current TA = 250C Rse, = 70k 1 2 nA Max
Rs., = 6.4k 10 20 nA Max

Inu isCurrent TA = 25'C Rs., 70k 10 18 nA Max
Inu isR,., = 6.4k 100 180 nA Max

Input Resistance TA =25-C Rs.,=70k 4 '2 MR Min

Rs., 6.4k 0.4 0.2 M12 Min

Supply Current TA = 250 C 1.5 2.2 mA Max

Input Offset Voltage 6.4k < RS., = 70k 1 2.5 mv Max

Inu isCretRse, = 70k 30 28 nA Max

Inu Ba uretRse, = 6.4k 300 280 nA Max

Input Offset Current Rse, = 70k 3 4 nA Max
Rse, = 6.4k 30 40 nA Max

Average Temperature Coefficient Rs <5 200O2 6.4k < Rs., 70k 1 1 MV/ 0C Max
of Input Offset Voltage Offset Voltage Null1ed

Supply Current 2.5 3.5 mA Max

Input Voltage Range Vs I 15V Rs., = 70k ±13 ±13 V Min

RS., = 6.4k (Note 5) -13 -13 V Min

CmoMoeRjcinRtoRSe = 70k 120 114 dB Min

Rle,=76.k 120 114 dB Min

Supply Voltage Rejection Ratio Rs., = 70k 114 114 dB Min

Votg anTA =25
0C Rsa1 = 70k 16 12 V/V Min

Voltag GainRL > 3 meg

Note 1: The maxirumn junction temperature of the LM121 is IWC. while that of the LM221 is 100C. The maximum
junctrori temperature of the LM321 is 86 C For operating at eievated temperature. devices in the TO- paDckage mutt be
dierateci based on a thermal resistance of 150 cI, junction to ambient, or 45 C'W. junction to cate. For the flat package.

tvderating it based on a thermal resistance of IW5C/W when mounted on a 1/6 inch-thick epoxy glass board with ten.
0 03-inch-wide. 2-ounce cooper conductors. The thermal resistance of the dual-rn-line packaft± is 100 ciW. junction to ambient

Note?2 The inputs are shunted with back-to-back diodes in series with a 500fl resistor for overvoltee protection. Therefore.
eveessive current will fhowi Ia differential input voitaqe in excess of IV is applied betwewen the inputs

Notel 3. For supply votis5 test than - I V. the abisolute maiximum input voltage is eoual to the supply voitage

Note 4. These specifications apptyr for A6 < Vs 20V and 455'C < TA !5 125'C, unlest otherwise specifimed. With the
LM1221., however. atl temperature specificationst ae limited to -25~C < TA s 85*C. and for the LM321 the specifications
apply over a O'C to 70'C temperature range
lilie S: External peecisimise~tors-.t%--Mn be Placed from pie I end a to 7 to increeee postive comm.' oderne



typical applications

Low Drift Op Amp Using the LM121 as a Preamp Gain of 1000 Instrumentation Amplifier

"a.
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when used with an operational aiplifier usually equal for improved power supply rejection. In this

necessitates additional frequency compensation. case the formula for the compensation capacitor

When the closed loop gain of the op amp with the is

L .M121 is less than the gain of the L 1121 alone,

more compensation s needed The worst case C
=

Situation is when there is 100% feedback - such 
10 ACIL Rs t

as a voltage follower or integrator - and the gain

of the LM121 is high. When high closed loop gains Table 1 shows typical values for the two com-

are used - for example Av 
= 1000 - and only pensating capacitors for various gains and operating

an addition gain of 200 is inserted by the LM121, currents.

the frequency compensation of the op amp will

u s u a ly s u f f i c e .
T A B L E 1 .

eh e f r e q u e n c y c o m p e n s a t io n s h o w n h e r e isCde s ig n e do 
m p

to operate with any unity-gain stable op amp. LOOPusalyeqa forimpove power s rejcton In- this 
I

F ig u r e 1 s h o w s t h e b ,is ic c o n f ig u r a t io n o f f re q u e n c y a e h m f o h

stabilizing netwo hk. In e the outpu the th, a lIons 
2 ,,6 

"

bypass capacitor to ground. Overall frequency A worst 
3 

c as 

27=

compensation then is achieved by an integrating 
A -

06 -
A 3

capacitor around the op amp 
A 

-a0d- 

- 1 

h a

Aa - 1000rl 
vi g an p a

12

Banddt anf2is ginse rd by thes table, currents.h L10, M1

2 'RetCLM741, 
LM118. Capaciance is in pF.

t Design equations for the LM121 series:

for 0 .5 M H z bandw idth C 

1 1.2 X 10 G

TO0 Rs ,, Gain A V  - R

For use with higher frequency op amps such aslo t lD e 1 % Rs .,

the LM118 the bandwidth may he increased to Nl 30% of Rse_

about 2 MHz. 

2 X 0.65V

If the clos d loop tj in is greater than unity "C" 
Operatin Cu2rent 

2z3

may be decreased 
siy eaRs, 

7 60

4 
Positive Com m on 

Ou 

. 0.65V X 20k

C the o m-+ 

5

106 ACL RSeM equt sre

fo .& adwdhC12 0



definition of terms
Input Offset Voltage" Thai voltage which must be input voltage range to the peak-to-peak change in
applied between the input terminals through two input offset voltage over this range.
equal resistances to obtain zero output voltage.

Input Offset Current: The difference in the Supply Current: The current required from the

currents into the two input terminals when the power supply to operate the amplifier.

output is at zero.
Voltage Gain: The ratio of the differential output

Input Voltage Range: The range of voltages on voltage swing to the change in input voltage
the input terminals for which the offset specifica- required to drive the output from zero to this
tions apply. voltage.

Input Bias Current: The average of the two input
currents. Power Supply Rejection: The ratio of the change

in input offset voltage to the change in power
Common Mode Rejection Ratio: The ratio of the supply voltages producing it.

connection diagrams

Metal Can Flat Package Dual-In-Line

DU ,, 0 I ?" O U TPU T 2 .it

WUT I I ALACE GUARD OUTPUT I

1. A 2 6 4LANC. 4 I
1.10 z g I -11ALANCE INUT1

IN UA2 3 5 IAL WE N ,, 1ALANCE

M0ai l s.... d Io 4fl*. 4I4E. 6*40 4 4 IAC

TO, VIEW J,.t

OOTT E. To4,4 I. V__ ;]94

top vIEW

Note: Outputs are inverting from the input of the same number.

physical dimensions

"tnt OI:: ... 4

-AGE MA M LU W W U',Edl

W,~ ~ ~ ~ ~~l • ;; 'm - ... "-

Order Numbers: Order Numbers: Order Numbers:
LM121H, LM221H, LM321H LM 121 F, LM221 F, LM321 F LM121D, LM221D0, LM3210

_ .,- .4, 4o.

1 900 5 -co~duCto, D-.t Sonti CIA Calfo-na 9SO51 (408) 732.5(00/tTWX 19101 339-(9240

National Semiconcluclor GmbH
11AD F..'ste~tt-cu(lE. 1ul~ 'S 0 *&$1 German Tele io08i4ii 1o7i 1372. 1373 1374 1404ITeleet 52'-ro-

Notional Semiconductor (UK) Ltd.
. .the,( l E181,cEft Gre, Ock Seotqa tIe 312S, /Tele. ',76-632

l0l GONE w a$ II ow I"I f MINE

. ... ..+ - .. 0'91 - . .. +; 19.z+ :- .... '



Operational A piir
41 LM1O8A/LM2O8A/LM3OBA operational amplifier
00 general description

I III. L MI 08A, U.1208A and U0.3011A are Precision a Offset current less than 400 pA over tempera-
o cpciational amplifiers having specifications about ture

.J a factor ot ten better than FET amplifiers over a Supply current of only 300PtA, even in
<1 their operating temperature range, In addition to saturation
O I ns- Input cuorr i-ts. the~o, dovice. hiavie etremely

o low offs,7t voltaige. making it possible to eliminate 0 Guaranteed 5 aV/0 C drift.
offset adjtustmenut%. in most cases, and obtain
performance approaching chopper stabilized
amplifiers. The low current error of the LMlOBA series makes

possible Many designs that are not practical with
The dev.ices operate with supply vultaqes from conventional amplifiers. In fact, it operates from
-2V to -20V and have. sufficient siply iejection 10 MSZ source resistances, introducing less error
to use unregulati'i supplieS. Althoucyh the circuitS tsIan devices like the 708 with t0 kil sourfceS Iote-
interchanilteahle Vsrlli ard Uses the same coampfmisa grators with drifts lest than 500 pV/sec and analog
lion as the LM10tA, ams alternate compeiisatmon time delays in excess of one hour can be made
schemne can be used tom make it pa! tcular!y onserisi using capacitors no larger than I jaF.
tive to Power Supply noise and to make supply
bypass capacitors unmiecessary. Outstanding char- The LM208A is identical to the LMI08A. except
acteristics include: that the LM208A has its tperformance guaranteed

* Ofsetvoltmleg~maantmf lss hanover a -25'C to 85"C temperature range, instead
" ffetvotol garnte lssthn0.5 mV of -55CC to 125GC. The LM308A has slightly.

" Maximnum input bias current of 3.0 nA over relaxed specifications and has its performance
tempetature guaranteed over a 0'C to 70'C temperature range.

connection diagrams Duat-I-Line
metal Con Flat Pack~age

Iee V. cvrt

merit,. INVERtr

*P-,e-.I.~ Tot S.iC', a .. ,.,rirtnp

Odr .bN10IIOrder Numbe~r LM108AFo Order Niumeber LPA308AN
LMZO8AH ., LN130SAI- LM209AF cir LN1308AF Sea Package 20)

See Package ItI Sea Package 3

schematic diagram
..:: O.llnUie

2 1411



IRS Power Supply Specifications

3 1 ]R. S. COMPONENTS LIMITED
13-17 Epworth Street
London EC2P 2HA
Telephone O1-253 1222

DATA SHEET DUAL REGULATORS
FIXED±15 VOLT 305-636

, k VARIARIL+noOjTN -AO\/OT -306-0i!

Two ,nonolithic regulators in D.I.L. packages giving fixed or variable complementary
outputs. Currents to lOOmA. Internal current limiting and thermal shutdown.

FEATURES

TYPE Fixed 305-636 Variable 306-011

VIN ±18 to *30V f'9.5 to ±35V

10 1OnmA 100M

"tot 600mW 900mW

CONNECTIONS

8 1. + COMPENSATION 1. +V OUTPUT
2. GROUND 2. N.C.

3. - COMPENSATION 2 131 3. - COMPENSATION
12. - 4. BALANCE524. - V OUTPT3 

12 5. COMPENSATION5. -15V OUTPUT [3I 6 NC

F3 6 6. BALANCE 6. N.C.
7 -VI

7. + 15V OUTPUT 11] 8. - VOUT
-- 5-' 8 . + V IN 4 . - V U

L 9. N.C.
I 1 10. RADJ

11. RCAL
12. GND

6 13. N.C.
14. +VIN

ALL CONNECTIONS VIEWED FROM THE TOP.

ABSOLUTE MAXIMUM RATINGS AT TAMg 250C

Input voltage ±30 ±35 V

Ptot 600 900 mW

~bLTj (thermal protected) +175 +175 o



ELECTRICALCHARACTERISTICS

(at TJ 25 OC, V IN ±20V, C0=lOtjF,1 0  ±lmA; unless otherwise stated).

; * 1 t 1,f.- 636 306 - Oil

PARAMETER MIN.-. TYP MAX MIN TYP MAX UNIT

v0 ~ (positive to negative),--, .,f ' j:1 -5-:,. 15.5 Adjustable 0.05 - 30 V

VIN 18 - 30 9.5 - 35 V

INPUT/OUTPUT 01FF. VOLTAGE @ 5OmA,3 - 3 - -

OUTPUT VOLTAGE BALANCE I ±0. ±18 -. ±15 %-

LINE REGULATION - 0.01 0.1 - 0.02 0.2 -. V0

LOAD REGULATION (to lOOrnA) - 0.03 0.2 - 0.1 0.4 % v0.

RIPPLE REJECTION - 75 - 70 - dB

OUTPUT VOLTAGE TEMP. COEFF. b-V005 0.005 - 0.015 - %o

SHORT CIRCUIT CURRENT (SET INTERNAL) - 220 - - 300 - mA

STAND BY CURRENT +10 : 0 - 1.5 3.0 - 1.2 3.0 mA

OUTPUT NOISE VOLTAGE 100 Hz - 10kHz - 60 - - 250 - luv rm

INTERNAL SHUTDOWN TEMP. - 175 -- 175 - o

BASIC CIRCUIT
6Typ. ±15V Output Variable Out.

MO-2 17

7

(12Ok ~ 7 + 1 18k2 inprall02

RAD 2.5kQ? per Volt output.

* (Fo r ±15V use 5OkQ lin. pot)

To balance fixedregulator additional;
potentiometer circuit can be used.

415SV
-0

6.$Kn

6 1KC1

R/2 040 JL7
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Modification to circuits to obtain non-sytwetrical outputs.

Requirement typically for 710 type comparators are +12 and -6 Volts.

7 ~ ~ ~ ~ -- -+2

CAL -- 72k

R0RA

RAND= 2.5kf2 per Volt of output

R AJfor -6V 15kSI, then

R BLfor +12V 200~

TyLS! Current Boost Circuit For ± 15V, IA -4IW

SOVA typoU S

207-267 i onOS

momns - 030 
66

iru (15 261-457 io0000.5w IO 5

0.0

Performance at 20o-aM Ileatsink for each 3055
transistor 40C/W (401-4~97)

lo I-A 0.54IZ limit resistors are

Loid reg. (0-lA): 1.1% 2 x 0.27S~iW in series.

Ripple reject ion =60dB

Line reg. (18-30V) =0.065%

Current limit ±1l.02A

R/2040 JUL 76



APENDI1X F Fl

Data Processing Computer Program Listings

C*** PROGRAM CALIBI
C***THIS PI DGRAM READS 16 CH4ANNELS OF DATA FOP EACH OIF
C*** 6 POSITIONS CONVklS 7T TO REAL VOL 1AGES, AND OUTPUTS
C*** THE RESULTS IN A TARUF OF THE FUVPV:

C** POS CH4A lyI CHAN2 CHAN3 ..... CHAN16
C***IT ALSO OUTP~UTS SCALE FACTORS AND (JFFSFTS FOR THESE CHANNLS
C***AND STORES THESE IN DISC FILE DKO:CALIBD.DAT*

C*** LINK AS CALl1l=CALIBl,ADCSET,ASCANSY~LIB/F

DIMENSION ICTLWn(16) ,IP0Ij(16),IPEAD(16),TABL(6,16),
I ITIT(3),OUTABL(4,16) ,ITIM(4),ITIPE(12),SCALF(48),
2 OFSET(4b),STORE.(5,16)

LOGICAL*1 lr)AT(9),Ir)ATE(9)
DATA IYES/-YE'/, bl/E/,TBE2/-FO'/,IHE3/'PE'/
DATA IAFI/' A'/,IAF2/'FT'/, IAF3/'ER'/,IAFT/'AF'/
COMMON /ASV/1F25

CALL ASSIGt;(9,'KB:',0,)

JPOS=6
IJCHA N I l

C***ENTER SUBJECT AND RECORD NUMBER
WRPITEC 10B ,2 00(i)

2000 FnRMAT(IOX, 'ENTER PECORD NLKSER A~ND SUBJECT NUMBER')
READ(IKB,1000) IFC,ISUB

1000 FOPJAAT(2I4)
C***SET BEFCRF OR AFTFR WALk CALIBRATION FLAG

WRPIT E(I CiB ,201 0)

2010 FORMAT(lOX,'IS THIS BEFORE W~ALK CALIBPATIONY(YES/NOj)')
READtJKB,l0J0) IY

1010 FORMAT(A2)
ITIT( 1)=Ir4EI
ITIT(2)=IBE2
ITIT(3)IE3
IF(IY.EG.IYES) GO TO 5
ITIT( )=IAFI
ITITC2)=IAF2
ITIT(3)=IAF3

5 CALL, DA1F(IDAT)
CALL TIME(ITIM)

C***SET 16 CHANNELS TO BIPOLAR MODE
Dul 10 1=1,16

10 IPDL(I)=2
C***ZERO TABI, ARRAY

DO 20 31I,b
DO 20 N1I,lb

20 TABL(J,N)=O.0
C***SET UP ADC WORDS

CALL ADCSFT(NCHAN,IPOL,ICTLWDi)
C***TAKE CALIBRATION DATA FOR JPOS POSITIONS

DO 70 Jzl,JPUS
PAUSE 'CR TO TAKF DATA SAPPLE'

C***TAK.E 5 SAMPLES FOR EACH CHANNEL,CONVEPT TO REAL VOLTAGES
DO 30 1=1,5
CALL ASCAN(NCPAh,ICTLWD,IREAD)
DO 30 KzI,NCrIAN

30 STORE(I,N)s(F'LOAT(IRFAD(K)m512*(IPOLCN).1 ) ))/204.8048
C***TAKE THE MEAN AND STORE IN TA13L ARRAY

DO 40 Ialob
DO 40 Kzl,NCHAN

40 TABLCJ#K)vTABLCJrK)+STORE(I,K)



F 2

DO 50 VI~z,NCHAN
SA PS=5 .0
TABL(J,K)=TA8I(J,K)/5.0

C***E-IPI'xATVk SAMPLES .GT. + OR -10 MV-S FROM MEAN
DO 50 7=1,5
IF(STOHE(I,l').GT.+0.O1).oR.STORE(IK)e.lI(TABL(J,K)

I(TAtAL(J,K)-.0l)) TAPL(J,K):(5.0#TABL(J,I').STORE(1,N))
2 /(SAMP&-1.0)

50 CONIINUE
70 CONTINUE
C***WRITE~ HEADING AND VOLTAGE READING TABLF TO PRINTER

2020 FORMAT(IH ,/3A2,' WALK CALIBRATION FOP SUBJECT NUMBER$
1 14,bX,-RECORD) NUMPER:',14,5X,lDATF: 1,9A1,5X,'TIME: 1,4A2)

WRlTE(IOD,2060)
2060 FORMAT(IH .'CALIBPATION DATA TABLE (IN VOLTS)')

WRTTE(IOD,208O) WJ,0=1,16)
2080 FOPN'AT(16(bX,I2))

WRITE(IOD,2090) (J,(TABL(J,K),K=1,NCHAN),J=1,JPOS)
2090 FORMAT(12,16FB.3)
C***C(l'PUTE SCALE~ FACTORS (IN VOLTS/G)

C*** FOR INDIVIDUAL ACCELEROMETER CHANN~ELS
OUTAL(1,)=(~bL(,1)-ASL4,1)*0I

OUTABL(1,2)=(TABL(2,2)-TABL(4,2))*0.5

DO 80 P=3,6
s0 OUTABL( I,P)=(TABL(5,M)-TABL(6,M) )*0,5

OUTABL(1,7)W(TABL(3,7).'TABL(1,7))*O.5
OUTABL(1,8)=(TABL(3,8)-TABL(1,8))*0.5

C***COMPUTE SCAILE FACTLJPS (IN VOLTS/G) FOR
C*** rDflFERENCE AMPLlFIFR CHANNELS

OUTAPL(1,9)=(OUTARL(I)+OUTABL(1,2))*3.0*0.5
OUTAPL(1,1O)=( OUTAB ( 1, 3) +OUTA BL(1,4) )*4 74*0.5
OLTABL(1,11)= (OTJTABL (1,5) 4OUTABL(l, 6) )*4 g74*0.5
OjUTABL( 1,2 2)=(OI'TABL(1 ,7)+OUTABL(l ,8) )*3.0*O.5

C***COMPUTE SCALE FACTORS (TN VOLTS/C) FOR SUM~iNG
C***AMPLIFIEP CHANNELS,

OUTA1BL(2,13)=(TABL(2,13)-TABL(4,13))*0.25
OUTABL(1,14)=(TABL(S.14)-TABEL(6,I4))*0.25
OITABL(1,15)(TABL(5,15)-TAbL(6,15))*Oo25
OUTABD(1, 16) 3(TABL(3, 16)-TABL(1, 16) )*0 .25

C***COMPUTE OFFSETS (IN VOLTS) FOR ALL CHANNELS
DO 90 M=1,6

90 OU1ABL(2pV)TAblj( I,P)
OUTABL(2 ,7 )=(TM5L(3,7) +TAPL( 1,7) )*0*5
OUTABL(2.8)3(TABIL(3,8)4TABL(1,8))*0.5
DO 100 M=9,15

100 OUTASL(2,M)=TABL(l,4)
OUTABL(2, 16)=(7 APL(3, 16 )+TAPL( 1, 16) )*O .5
WRITE(IOD,2100)

2100 FORMAT(IH p'CHANNF!' ,2( IOX,'SCALE FACTOR',1OX,'DFFSETl))
WRITECIOD,21 10)

2210 FORMAYCIN ,HX,P(VOLTS/G)-,IIX,*(VOLTS)O,IOX,O(G-S/VOLT)'

Do 120 M=IP16
OUTABL(3,M)=1.0/OUTA8L(1 ,M)

120 OUTABLC4,M)zOUIABIL(2,M)/OIJTABL(1 ,M)
WRITE(IOL),2120) (Mo(OIJTABL(L,M) ,L:1 ,4) ,A=1 16)

212n FORMAT(1H ,2X,12,I1IX,FI 1.4,BX,F11.4,IOX,FII,7,gx,Fll,7)
C***STORE SCALE FACTORS AND OFSETS IN Disc zFIL4

ICODEBI AFT
IFCIyok&0.IYES) ICODFzIBE1

C***ASSIGN AND DEFINE OUTPUT FILE
CALL ASSIGN(25. 'DKO:CALIBD.DA'F',14,'OLD')
DEFINE FILE 25(10,215,UIF25)
DO 190 1.1,9

___* rA&mA - d~hMA --



F:3

IF(XCODE.EO.IAFT) Gr TO 250
C***IF BEFORE WAL#K CALIBRATION STORE ONLY INITIAL, VALUES

DO 200 1=1,4
200 1TIME(I)=ITIM(I)

DO 210 1=5,12
210 IT1ME(I)=0

DO 220 1:1,16
SCALF(I)OUTA4L(3, I)

220 OFSET(I)=OUTABL(4,I)
C***FILL REMAINDER WITH ZERO

DO 230 I=17,48
SCALF(1)x0,O

230 OFSET(I)0O
GO TO 300

C***IF AFTER WALK,COMPUTE MEAN OF BEFORE/AFIER hALKISTORE ALL VALUES
C*** FIRST READ BEFORF WALK VALUES
250 HEADC25'IREC) IRECSTISUB, IDATE,ITIME,SCAILF,OFSET
C***INSIIRF THAT CURRENT AND STORED RECORD NUMBERS ARE THE SAME

IF(IRFC*NE*IRE'CST) CALL CLOSE(25)
1F(IRE2C*NEo1RECST) STOP 'RECORD N~UMBERS DO NOT MATCH*

C***STOPE AFTER/MEAN mALK TIMES--MEAN =AFTER
DO 260~ 1=1,4
ITJmE(1+4)=ITIM(I)

260 ITIME(14b)=ITIR(l)
C***STOPE SCALE FACTORS AND OFFSETS

DO 270 1=1,16
SCALF(I+16)=OUTABL( 3,!)

270 OFSETCI+16)=OUTA8L(4,I)
C***COMPUTE MEAN VALUES

DO 280 1=1,16
SCALF(1432)=CSCALF(I)+SCALF(1416))*0.5

290 OFSET(1t32)=COFSET(I)+OFSET(I.16))*0.5
C*WRITE VALUES TO D)ISC FILE
300 WRITE(25'IRFC) IREC, ISUB, IDATE,ITIME ,SCALF,OFSET
C***WRITE MEAN VALUES TO PRINTE.R IF ON AFTER wALK CALIBRATION

1IF(IY.EUqIYE5) GO TO 320
READ(25'IREC) IREC,ISUB,IDATE, ITIME,SCALF,OFSET
WRITECIOD,2500) IREC,ISU8,IDATE

2500 FORMAM(H 72X,MEAN SCALE FACTORS AND OFSETs FOR RECORD:'14,
1 01 SUBJECT: P,14,- DATE: -,9A1)

WPITE(IU0,2520) (SCALF(l),1=33,48)
WRITE(IO0,2520) (OFSET(X) ,1=33,48)

a2520 FORMAT(8(2X,F11.7))
C***CLOSE ALL OPEN FILES
320 CALL CLOSE(25)

CALL EXIT
END



C** DATLRG *
C*** PROGRAMME TO RFAnDrATA FROM ADC AND STORE IT ON DISC
C*** WHILE SIM.UblANEISLY DISPLAYING IT

C*** INITIALISATION
INTEGER*2 DBLK(4)
DIMIENSION ILIST(3)
COMMON /ADC/NN4T,NCHAN,ICTLWD(16),IPOL(16)
COMMON /WPARAfr/ICHANJBLK,IBUFF,ICOINT,ICTRN

C*** PRESET VALUES
DATA DBLK/3RDK3,3RADC,3R ,3RDAT/
DATA IYES/'YE'/
DATA ILIST/"170404,0,0/

C*** TIPUT AND OUTPUT CHA14NELS
1NP=5

CALL SWPR
C*** DEFINE DATA FILE FOR INDEX USE

CALL ASSIGN(20, 'DK3:ADC.DAI',1l, 'OLD')
DEFINE FILE2O(20,ib6,U,IFI)

C*** GET RT-m11 CHAN14EL NUMBER
ICHANzIGETC()
IF (ICI4AN.LT.0) STOP 'DATIN CANT ALLOCATE A CHANNEL'
JCHANICHAd

C*** LOOK UP FILE
IF(Lb0KUP(ICHAN,DBLK).LTO)STOP 'OPFN ERROR'

C*** FIND NEXT AVAILABLE RECORD
DO 10 1=1,20
11=1
READ(20'II)NNT
IF(NNT.EQ.0)GOTO 20

10 CONTINUE
C*** ALL RECORDS USED
C*** PROMPT I

CALL PRINT('NO UJNUSED) RECORDS')
GOTC 30

AV* FIND DETAILS OF LAST ENTRY
20 IF(I.EO.1)GOTO 31

IEAD(20'I-1 )NNT,JF~f.K,LBbK
*1 NFBLK=820-LBL

C*** PROhPT 2
WRITE(IOP,2000)I ,NFBLK

2000 FORMAT('SNEXT FREF RECORD ',14,- NUMEER OF FREE BLOCKS '

C*** CHOOSE STARTING RECORD
C*** PROMPT 3

30 CALL PRINT('0ESIRED STAFTING RECORD?)
C*** REPLY

READ(INP, 1000) IREC
C*** ZERO ENTRY CAUSES EXIT

IF(IREC.EO0)GOTO 120
lF(IRECeNE.1)GOTD 40

C*** SET IREC TO FIPSI RECORD IF NONE YET USED
31 IRECIl

CALL PRINT(FIRST RECORD')
NFBLKN806
CALL FILSET(NFbLK)
NbbKB3NFBLK41
LBLKu820.N8LK
GOTO 45

40 CONTINUE
C*** IS DESIRED FECORDj NON SFQUENTIAb ?



FS

IF(IRFCGTI)CALL PHJNT('SEUUFNTIAtL RFCORD SELFCTED INSTEAVb,
IF (IHF C *G I*I ) F C =1

C*** 1S DESIPFD RECORV DIFFERFNT FROM NEXT FRE.F RECURD ?
IF(IPE.C.EU.I)GOTO 50

C*** FIND NUJMB'ER OF PHEF BLOCKS LEFT FOR DATA
READ(20'IREC-l)iNT,JBLK,LBLK
NPB L K =820- L~L K
NBLK=NFBILK

45 WRITE(IOP,2010)N8iLK
2010 FORMAT('SNUMIBER OF FREE BLOCKS ',16,/IHO)

50 CONTINUE
JBLKLbBLi

C***SET' FIRST NUIMBR TO ZERO IN ALL RECORDS GREATER THAN CHOSEN
C*** RECORD

lyNT=O
DO 60 J=IREC,20
jj=j
W 1T E (20*J J )N NT

60 CONTINUE
C** START PARAMETER ENTRY LOOP

70 CONTINUE
C*** PROOPT 4

CALL PRINT(NUMB~FI OP CHANNELS,SAMPbE TIME(MS),RUN TIAE(S))
C*** REPLY

HEAV(INP,j010)NCHAN,TAP,TRV%
C*** TRY AGAIN IF TSAP'P TOO GFEAT

IP(TsAMP.Gr.1280.0)CALL PRINT(SAMPLE RATE>1.28 SEC* MAX IMUMO)
IF(TSAMP.GT.1280o0)GO 7-0 70

C*** CALCULATE C'LOCK RATE
CALL SHUFFL(TSAPP,NCOUNT,ITEN)

C*** CHANNEL POLARITY SFTTIMG

C*** PROMPT 5
CALL PRIPT(ALL CI'ANNFLS SAME POLARITY (YES/NO) ?')

C*** REPLY
READ(INP,1020)IY

C*** BRANCH IF ALI, SAM.E POLARITY
IF(IY.FQ.IYFS)GOTO A0

C*** PROMPT 6
CALL PPINT(*ENTFER POLARITY VALUE FOR EACH CHANNELO)
CALL PRINT('(laUNI,2=B1)')

C*** REPLY
RiEAD(INP,1030)(IPOL(I) ,11 ,NCHAN)
GOTO 100

C*** SET ALL CHANNELS TO SAME POLAPITY
C*** PROMPT 7

P0 CALL PPINT(ENTER ONE POLARITY VALUE TO BF ASSIGNED TO*)
CALL PRINT(AILL CHANNFLS (I=UNI,2=BI))

C*** REPLY
PEAD( INPD1040) IPOM
Do 90 Izl,NCHAN

90 IPOL(I)=IPOM
100 CON~TINUJE

C*** CALCULATE NUMBFR OF SAMPLES
ANTwl4TFIXC (TRUN*1000.0)/TSAMP)

101 NNT=MNT
NFBLKZJPLK41

C*** SET UP ADC CONTROL WORDS
CALL ADCSET(NCHAN,IPOL,ICTLWD)

C*** SET UP LIST TO STOP CLOCK INTERRUPT IF RUN ARORTED
CALL DEVICECILISI)

C*S START CLOCK
CALL CLKSET(NCOUNT,ITEN)

C*** PAUSE READY TO START
C** PROMPT 8

VRITEC IOPv2020) IREC



" P67

PAUSE 'CR TO S'XART'
CALL ADCCTL
NNT=MNT-NNT
WRITE(20'JRFC)NNT,NFBLP,,JBLK,NCOJNT,ITFN,NCHiANIPOL

C** INCREMENT kECORD NUMPER

C*;* EITIFAREOD ARE USED UP

NFBLK=JBLK
C**BLOCKS LEFT
C**PROMPT 9

WRITE(IOP,20J0)b20-JPLK
2030 FORMAT('$NIJMBER OF FRiEE BLOCKS LEFTz ',16,/lHO0)

C*** OPTION TO EXIT
C*** PRnmPT 10

CALL PRINT(EXIT FROM DATIN (YES/NO)?)
C*** REPLY

READ(1NP,1023)IY
IE(IYIEQ.IYES)GOIO 120

C*** OPTION TO ALTEP PARAMETERS IN NEXT RECORD
C*** PROMPT 11

CALL PRINT(ALTER CONVERSION PAR(AWMTERS (YES/NO)7)
C*** PEPLY

READ(INP,1020)IY
IF(IY.EQ*IYES)GOTO 70 4
GOTO 101

C*** PROMPT 12
110 CALL PRINT(ALL kECORDs USED')
120 CALL CLOSECCAN)

CALL IFRELC(JCHAN)
STOP

1000 FORMAT(14)
1010 FORMAT(18,2FI0.4)
1020 FORMAT(A)
1030 FORMAT(16I3)
1040 FORMAT(13)

END

4L
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C***PROGRAP STIRVAT
C*** THIS PRnGkAM4 RECOVERS DATA STnRED IN ADCr.AJ bY DATIN AKOf
C***STOkES IT IN INTEGLP FOPM IN DISC FILE DKO:IkAwACC.DAT LEICATFD ON
C***DISC SAD, THE INDEX TO THIS DATA IS sTrunu FY RECOkn N1WBEP IN
C***BLUECKS 1-50 OF RAWACC.DA7.

DIMENSION IPCL(i6),ENDS(2,20),SCALF(16),OFSET(16),IAA.(256)
DIPAENSION IPO~b(16),SCALFS(16) ,OFSETJ3(lb)
DIMENSION JSBLi(42),JFBLKC42),JPWRD(42),NSAMP(42)
DIMENSION JSbLIQ4(42),JFBLIB(42),JFWPDB(42),NSAMPB(42)
COMMON /ASV/IE'10,TFll,1F40
DATA IYES/'YF'/
I K = 5
10 D 7
ISECS2!
CALL ASSIGN(R,#KB:',O,)

C***ENTER INPUT RFCORD AND NUMBER OF CHANNELS
WRITE( IOD,2030)
READCIK8,1000) IR,NCI4AN

C***READ INDEX FILE
CALL ASSIGN(1O, '0K3:AnC.DAT',1l,'OLD')
DEFINE FILL l0(20,166,U,IFIO)
READ(10OIR) NNT.INMfLI',ILSTD'COUNT,ITEN ,MCHAN,IPOLENDS,

1 SCALF,OFSFT
REWIND 10
CALL CLOSF(10)

C***TEST FOR WRONG NUPBER OF CHANNELS
IF(MCHANNE*NCHAN) STOP '#HONG NUABFF OF CHANNELS'

CW$*TEST FOR EMPTY RECOkG
IF(NNT*EQ,0) STOP 'EAPTY RECORD'

C***EI.TEP SUBJECT NUMBER, HOSPITAL NUMBER AND TEST NUMBER
WR1TE(IOD,2040)
READ(IKi4,1000) ISUBF,JHDSN
WRITE(IOD,2050)
READ(IKB,1O10) ITSTN

C***OPEN OUTPUT FILE ANlD TEST IF ANY DATA PREVIOUSLY STORED ON DFO
CALL ASSIGN(11,'DKO:RAWACC.DAT',14, 'OLD')
DEFINE FILE 11(2050,256,U,IFII)
READ(1l'1) IRT
IF(IRT.LT.0) IRTE-IPT
IF(IRT.EU.i) GO TO in

C***IF NO DATA PREVIOUSLY STORED ON DK0,SFT VARIABLES FOR RECORD 1
IRB=0 LRFSULTS IN OUTPUT RECORD =-I
ISECS!3
JFBLKb(ISFCSB)50 IRESULTS IN OUJTPU.T START BLOCK =51
Go To 30

C***REAn INDEY OF PREVIOUS STOkE) RECORD
10 ISCA~z1
20 READ(11 ISCAN) IRB,ISFCSB,I'CHANB,TSAMPB,ISUiBNP.IHOSNR,ITSTNB,

I IPOLH,SCALF,OFETBJSB.KJFBLKeR,JFiwRDFB,NSAMP%
IF(1R13.LT*O) GO TO 30
ISCAN=ISCAN,1
GO TO 20

C***SFT OUTPUT RECORD NUR'BEP AND STARTING OUTPUT BLOCF NUMBER
30 IROwIHP-l !OJUTPUT RFC NUW:ISTORED AS NEGATIVE

LBLK:JFi~bKB(1SECSS) ~OUTPUT STARTING bLOCK LESS ONE
C***OPF-N INPUT FILE

CALL1 ASSIGN(40,'DK3,ADC.DAT',11,OL1D')
DEFINE FILE 40(620,256,U,1F40)

C***INITIALIZF INDEX VARIABLES
IbLKwINPLI( IINPUT BLOCK INDEX
JBtKLKSLK I OUTPUT BLOCK INDEX
N88NOT --

k - --- - -- am a._ aS ,



so PUAr)(40'I~bf.) ID!ATA

C***WPIT. A 14LOCK OF OUTPUT IPTA
JBLP':JBLK, 1
hRITE(11'J3IK) IDATA

IF(NS.G2.,16) GO TO 50
C***PEAD LASI INPUT BLOCK

READ(40'IBLK) IDATA
C***COMPUTE NUMIBER OF SAMPLES IN LAST BLOCK TO BE ZEROED

JUNS*1b+1
C***FJLL REMAINDEP OF LAST OUTPUT BLOCK WITH ZERO

IF(J.GT.25b) GO TO 90
DO 90 JI=J,256

80 IDATA(JI)=U
C***WPITE LAST OUTPUT BLOCK
90 JBLIKaJBLK~l

WRITE(11'JBLK) IDATA
C***STORE INDEXING PAPAMETERS FOR THIS SECTION

JSBLK( )=LBLKtl
JFBLK Cl)z 1JBLK
JFWRD(1 )ZNS* 16
NSAMP( I)=NNT
CALL CLAOSE(40)

C***DISPLAY PREVIOUS AND CURRENT RECORD INFO ON TX SCREEN
130 IFCIRT.NE,1) GO TO 140

WRITE(IOD,2000) -IRbISUBNB*XHOSNB,ITSTNB
WRITECIUD,2010) ISECSBJSBLKB(1),JFBLKB(ISFCSB)

140 WRITECIDD,2O00) -IRO,ISUBN,IHOSN,ITSTN
WRITE(IDD,2Ol0) lSECS,JSBLK(1),JFBLK(ISECS)

C***COMPUTE AND COMPARE TOTAL DATA SANPLES TO TOTAL STORED SAMPLES
LOT=(JFBLK(1)-JsBJK(1))*16+JFhRD(1)/16
WRITE(IOD,2090) LOT,NSAMP(1)

C**$IF flWTA LOOKS GOIJP-RESTGRE PREVIOUS RECORD INDEX WITH POSITIVE
C***RECORD NUMBER AND STORE CURRENT RECORD INDEX WITH NEGATIVE
C***RECORD NUMBER

WRITE(IOD,2070)
READ(INB,1020) IV
IFCIYNE.IYES) CALL CLOSE(I)
IF(IY.NE*IYES) STOP 'DATA TRANSFER NOT COMPLETED'
IF(XPT*NE.1) GO TO 170
IRBCUIRB
WRITE(11 'IRB) IRB,ISECSBMCHANB,TSAMPBISUBNB,IHOSNB,ITSTNB,

1 IPOLB,SCALFB,OFSE7 B,JSBLKB,JFBLKB,JFWRDB,NSAMPB-
C***LOAD UNUSED SFCTION IIJDFX ARRAY POSITIONS WITH ZERO
170 DO 190 122,42

JSBLK(I)zO
JFBLK(I)uo
JFWRDCI)z0D

Ig0 NSAMP(I)in0
C*$$COMPUTE SAMPLE TIME IN %ILLISECS

TSAMPuFLOAT (NCOUNI)
TSAMPaTSAMP*10.0**(CITENi-3)
WRITE(11'-IRO) IRO,ISECS,NCHANIPTSAMP,ISUBNIHOSN,ITSTNDIPOL#

I SCALF,OFSET.JSBLK,JFBLK,jWR,NSA'P
CALL CLOSE(11)

C***SET PRINTED OUTPUT FLAG
WRXTE(IOD,2080f)
READ(LKB,1020) IVI
IF(IY1.NE.IYES) GO TO 200
WRZTE(8,2020)
WRITE0b,2000) -IRO,ISUBN,IHOSN.ITSTN
WRITECO,2010) ISECS,JSBLK(1),JFBlK(ISECS)

200 CALL EXIT
1000 FORMATC2I7
1010 FORNATCI4)



1020 F('HMAT(A)
2000 FORMAT(1H ,'RECORD NUMIP,145SX,OSUBJECT NUMI',I4,5X,

I 'NOSP NUA:lI6,5X,'TEST Nu'4:',14)
2010 FORMAT(1H IO0XI3,' SECTIONS OF DATA',5X,'INITIAb BLOCK:',

I 14,5X,-FINAL BLOCK:',14/)
2020 ~FlOpATC1H ,19Xt'STORED ON S.A.D.')
2030 FOPMAT(2()X,'DATA STORAGE ON S.A.D.'/IOX,

I 'ENTFR INPUT RECORD NUM AND NUM OF CHANNELS)

2040 FORMAT(IOX,*ENTER SUBJECT NUM AND HOSPITAL NUM')
2050 FORMAT(1OX,-ENTFR TEST NUMBER-)
2060 FORMAT(IOX,-ENTER SFCTION NUMBER(NEGATIVE TO STOW))
2070 FORMAT(IOX,'DOES IT LOOK OK? (YES/NO)
208D FORA4ATCIOX,'DO YOU WANT PRINTED OUTPUT? (YES/NO)')
2090 FORMAT(SX,16,' STOR~ED SAMPLES',SX,16,- DATA SAMPLES)

END
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PROGRAM' DATCON
C*** THIS PROGRAM RECOVERS INTEGER DATA STOPED IN DPI:RAW&CC.flAI
C***ON DISC S.A.D,, CONVERTS IT TO REAL NUIMPEPS,AJD STORES IT ON~
C***SY:CODATA.DAT; INDEX INFOPMATiON IS STORED) ON SY:INDACCDAT,

C***TASK BUILD AS: DATCCJNzDATCONCI,l1F4POTS/LB
C** NITS=14 MAXBUF=b12

DIMENSION IDATA(256),IPOL(I6),SCALF(16) ,OFSET(16),JSBLK(42)
* DIMENSION JFBLK(42) ,JFWRD(42) ,NSAMP(42) ,CODATA( 16,6)

DIMENSION IPOS(3) ,IH(3) ,ISUb(3) ,II405(3) ,ITST(3),ISBL(3)
DIMENSION IFBL(3) ,K1D(3) DTSAMPL(3) ,DATA(16)
LOGICAL*l IDATE(9),ITIME(B)
COMMON /ASV/IFlI,1F12,IF14
DATA IYES/'YE'/
IKBUS
lOD=5
CALL ASSICdJ(6,'SY:PPNTITLST1i')
CALL FDBSET(S,'NEW')
C2123z272.552!
C13=38,93611

C***ENTFR INPUT RECORD NUMBER
10 ORITE(IOD,2000)

PFAD(IKB,1000) IRA
C***READ INPUT iNDEXE8

CAI.L ASSIGN(11,'DPI: L167,15JRAWACC.DAT;1')
DEFiNF FILL. 11(4250,256,U,iFII)
CALL FDPSET(l1.'READONLY-)
RE.ADC(l IRA) IRB, ISF;CS,MCHAN ,XSAMP, ISUBNIHOSN,ITSTN,IPOL,

1 SCALF,OFSET,JSBLK,JFBLh,JFWa4D,NSAMP
C***DISPLAY 0ON TX SCREEN RECORD NUM,SLJBJECT INUM,HOSP NUM,TEST NUM

IFCIRB.IJT,0) 1RB=-IRB
WRITE(ICD,2010) IRB,IS!JBN,IHDSNITSTN

C***IF NOT CORRECT RLCORD, THEN RESTART
iWRITE(IOD,2020)
READ(IK8,10I0) IY
IFC1Y.NE.IYES) CALL CLOSE(lI)
IFCIY.NE*IYES) GO TO 10

C***OPEN OUTPUT FILES
CALL ASSIGN(12, 'SY :CODATA.DATg I')
CALL FDBSET(12,'NEW-)
DEFINE FILE 12(200,256,U,1F12)

C***INITIALIZE INPEXING VARIABLES
.JiO !CHiANNEL FUMBE.R
KzI IINPUT DATA SAMPLE INDEX
LEO LINPUT DATA WORD INDEX
INbLK3-SBLK(1) LINPUT DATA STARTING BLOCK
(IZI !OUTPLIT DATA SAMPLE INDEX
ISBLKIl ZOUTPUT DATA STARTING BLjOCK(
IFBLKxISBLK !OUTPUT BLOCK INDEX
LOT =0
DL) 20 1S31,TSECS

20 LOTzLOT4.NSAMP(1S) INLIM OF SAMPLES
C***READ INITIAL BLOCK OF INPUT DATA

READ(I1'1NBLK) IDATA
50 JS3,1

IF(J.LE.MCHAN) GO TO 120
C***WHEN ALL CHANNELS OF ONE SAMPLE CONVERTED ,COMPUTE CODATA

CODATACKI 1 )u-DATA(11)*C2123
CODATACKI,2)m-CDATAC9)-DATAC12))*C13
CODATACKI,3)a-DATA C1o)*C2123
CODATACKI,4)m-(DATA(9)*DATA(12))*C13
CODATA(KI,5)SCDATACI)4DATAC2))*O.5
CODATA CKI *-G)8(DATAC0) +DATA (4)) )*0 5



CODATA(PII7)=(DATA(!,).DAT*A(b))*0.S
CODA1,A(Kl,@j)=(DATA(7)4L)Al'A(S))*O*5

C4**i&ESLT CHANhiEL, INDEX; INCRUEEN SAMPLE AND OUIPUT ARRAY INDEXES
1t0 Jul

C***TEST FOR END OF THIS SFCTION OF INPUT DATA
IF(K.GT.LO)T) GO TO 150

C***INCREMENT INPtJI DAIA WORD INDEX AND TEST FOR END OF BLOCK
120 L=L+I

IFCL.LE.256) GO TO 130
C***RESET WORD INDEX AND INCREMENT F4ILOCK NUMBER

L= 1
I NBI. K =I N BLK 41

C***READ ANr IHFR BLOCK OF INPUT DATA
REAID(I1'INBLK) IDATA

C***IF PEAL DATA ARRAY FULL,,WkITIL TO DISC
130 IFJIiE1)GO TO 140

C***RESET ARRAY INDEX AND INCRFA4ENT OUTPUT BLOCKI' NDEX

lFBLK=IFBLK4 I
C***CONVERT SINGLE INTEGER SAPPLE TO SCALFD,LJFSEI REAL DATA(G-S)
140 DATA(J)=PLOATCIDATA(L)-512*(IPOL(J)-1 ))*SCALF(J)/204.8048

1 -OFSET(J)
GO TO 50

C***STORE ZERO lIN RFMAINDER OF LA57 CODATA PLOCY,
C***AND WRITE LAST $IJOCK To DISC FILE
ISO IF(KI.C.T,16) GO TO 170

DO 160 KA=Kl.16
DO 160 Ib=I,8

160 CODATA(KA,IL)=0.0
170 WRITE(121lFL') ((CDD)ATA(KIL,OIL) ,IL:1 ,8) ,NIlljI 16)
C***CLOSE OPEN FILES

CALL CLOSE(12)
CALL CLOSE(1i)

C***COMPIJTE INDEXINiG INFORMATION
DO 180 7=1,3
IPOS( I )=
IR (I1 RB
ISUB(I)ISUN
114S(I)=IHOSN
IIST(I ):ITSTN

180 TSAtMPLCI)=TSAP
IF(ISECSNE.3) GO TO 200
DO 190 1=1,3
ISBL(I)=JbK(I)-JSBLK(1).1
IFBL(I)=JFBLKCI)-JSRLK( 1)41

190 KEND(!)ajrWRD(1)/2
GO To 220

200 IF(ISECS.NE.1) STOP 'NOT I OP 3 DATA SECTIONS'
ISBL( I)3IStbLK
IFBL( I )ZZFBLK

DO0 210 Iu2,3
1SBL(I)m0
IFBL(I)=0

210 KFNDCI)sO
C*sOIN5URE CORFILCT NUMBER OF SAMPLES STORED IN CODATA
220 KENO)Kn(Kl-1)$R

NSAI'P2u( IF8LK-ISbLK )*l64.KENDK/9
bPITE(IOD,2030) NSAMP2,LOT

DO 230 InI.ISECE
230 WRITE(IOD,2070) 1,ISBLCI),zrBL(I),KEND(I)
DWRCOU2 )
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P PEAD(Ib,l0l0) jyj
D IF(Ii.NE.IYES) GO TO 250
C***STOHE INDEXING INFORMATION

CALL ASSIGN( 14, 'SY:TNDACC.DAT? 1')
CALL VV4~SET(14,'NEW-)
DEFINE FILE 14(1,30,LJ,1F14)
WRITEC I4'l) IPOS, IR.ISUB, IHOS,1TST,ISB3L,IF-BL,KEND.TSAMPL
CALL CbOSE(14)

C***SET PRINTED' OUTPUT FLAG
IY2=IYES !SET TO ALWIAYS PRINT
IF(1Y2,NE.IY.S) GO TO 250
CALL DATE(IDAIEL)
CALL TIME(ITIIME)
WRIIE(8,2080) IDATE,ITIME
WRITE( 8,2060)
*RITE(BP2010) I~)IU(),HS1,IT1
DO 240 11I,ISECS

240 PFITi2(8,2070) I,ISBL(I) ,IFBL(I) ,KFND(l)
CALL CLOSF(b)

250 CALL EXIT
1000 FORMAT(I4)
1010 FORMAT(92)
2000 FUjRPAT(20X,'STORE DATA IN CODATA'h1OX,

I 'ENTER INPUT RECORD NUMBER')
2010 FORMAT(IH ,'RECORD RUM:',13,5X,'SUBJECT NUMs',13,SX,

1 'HOSP NUh:',16,5X,'TFST NUM:',16)
2020 FORMAT(IOX,'IS THIS CORRECT RECORD? (YES/NO)-)
2030 FORMAT(10X,'CONVERTFD',,16,X,'SAMPLES STORED-,16,X,

1 'SAMPLES-)
2040 FORMAT(IOX,'DOES IT LOOK OK? (YES/NO)')
2050 FORMAT(1OXDO YOU WANT PRINTED OUTPUT? (YES/NO)')
2060 FORVAT(IH ,19X,-DATA CONVERTED AND STORED IN SY:CODAkTA FOP*)
2070 FORMAI(H ,'5ECTION:',I2,2X,-'FIRST BLOCS:',14,2X,

I -LAST ILOCK:',I4,2X,'LAST W0HL:',14)
2080 FORMAT(IH 10UX,'PROCESSED ON ',9A1,2X,-AT *,BA1)

END
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C*** PROGRAM STAtiAT
C*** THIS PROGRAM RECOVERS INTEGER DATA STORED) IN DPI:RAWACC.DAT
C***ON DISC S.A.D. AND CONVERTS IT TO REAL NUMSFRS(IN G-S).
C***STATISTICS FOP EACH SECTION OF DATA ARE COMPUTED AND STORED
C***ON SY:COSTAT.DAT.

C*** TASK BUILD AS: STADAT=STAVA~1 ll1F4POTS/1.B
C**UNITS=13 MAXBUF=512

DIMENSION IDATA(25E6),IPOL(16) ,SCALF(16),OFSE-T(lb) ,JSBLK(42)
DIMENSION JFBLK(42),JFWRD(42),NSAMP(42),CODATA(16,e)
DIMENSION DATA(16),51TATS(6,16)
COMMON /ASV/IFII,1F13
DATA IYES/'YE'/
IKB=5
IODx5
CALL ASSIGN(B,'SY:PFNTITLSTjl',j6)
CALL FDEBSET(B,'APPEND-)
C2123=272.5528
C13=38,.93611

C***ENTER 114PUT RECORD NUMBER
10 *RITE(IOD,2000)

READ(IKB,1000) IF
C***READ INPUT INDEXES

CALL ASSIGN(11,'DPI: t167,15]RAWACC.DATI',22)
DEFINE FILE 11(4250,256,U,IFI1)
READ(1 1IR) IPB,1SECS,MCHAN,TSAMP,ISUBN,IHOSN,ITSTN,IF'OL,

I SCALF,OFSET,JSLK,JFB3IK,JFWRD,NSAMP
C***DISPLAY ON TA SCREEN~ RECORD NLJM,SUBJECT NUM,HOSP NUM,TEST NUM

IF(IRB*LT,0) lHBi-IRB

WRITEC 100,2010) IRB,ISUHN,*IHOSN,ITSTNI

C***IF NOT CORPECT RECORD), THEN RESTAhTV

IF(IY.NE*IYE.S) CALL CLOSE(11)
IF(IY.NF.IYES) Go Tn l0

C***OPEN OUTPUT FILE
CALL ASSIGN(13,'SY:COSTAT.DAT;1 ',16)
CALL FDBSET(13,'NEW')
DEFINE FILE l3(3p192,U,1F13)

C***SET INDEXES FOR CONVERSION ANP STATISTICS COMPUTATION LOOP
1S31 ISECTION N~UMBER

J=O !CHANNEL NUMa3EP
LinO !INPUT DATA WORD INDEXI
INBLKzJSBLK(IS) !INPUJT DATA STARTING BLOCK
NSA MP2ZO

C***READ INITIAL BLOCK OF INPUT DATA
READ(Il'INBLK) IDATA .

30 K:1 ISECTION SAMPLE INDEX
LOTzNSAMP(IS) INUM SAPPLES IN THIS SECTION~
PLOT=FLOAT (LOT)

so JJ.1l
IF(J.LE.MCHhN) GO TO 120

C***WHEN ALL CHANNELS Of' ONE SAMPLE CONVERTED TO G-SCOMPlJTE
C*** AND STORE STATISTICS SUMMATIONS
CV**ON FIRST SAMPLE OF EACH SECTION,STORE INITIAL VALUES
60 IFCK.NE.1) GO TO 90

DO e0 JS=1,16
DO 70 1K=1,5

70 STATS(IK,JS)=DATA(JS)
so STATS(6,JS)=DATA(JS)*DATA(JS) ITEMP STORE SUMMATION X**2

GO TO 110
C$**STORE SUMMATION AND MAXvMIN FOR COMPUTING STATISTICS
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S'ATS(1,JS)=b-TATSCI,JS)+D)ATA(JS)
5TATS(6,JS)=STATS(b,JS)4D)ATA(JS)*AA(J~,)
IF(U)ATA(0S).G .STAT$(2,JS)) STATS(2,JS5)=DATA(JS)

100 lF(LVATA(JS) .LT.5;TAT&(3,JS)) STATS(3,JS)=DATA(JS)
C***RESEI CHANNFL INDFY AND INCkEMENT SAMPL. INDEX
110 J=1

K=K,1
C***TEST FOP END OF THIS SECTION OF INPVT DATA

IF(K.GTLOT) C0 TO 190
C***INCREME~NT INPUJT DATA %ORD INDEX AND TFST FOR END OF BLOCK
120 L=L.1

IF(L.IF.25b) GU TO 140
C***RF.SFT WORD INDE1X AND INCREMENT BLOCK NUhBER

L=1
INBLK=INBLK+1

C**WHEAD ANOTHER~ BLOCK OF INPUT DATA
RiAP)(11'IhblK) ]DATA

C**VCONVERT SINGLE INTEGER SAMPLE TO SCALFD),OFsET REAL DATA(G-S)
140 DATA(J)=FLDAT(IDATA(L)-512*(IPOLdJ)-1 ))*SCALF(J)/204.8048

I wOFSEI(J)
GO TO 50

C***COMPUTE STATISTICS AMD STORE ON FILE COSTAT.DAT
190 DO 200 JS=1,16

S7ATS(1 ,JS)=SIATS(1,JS)/RLOT
STATS (4, J5)=(STATS(6 ,JS) -STATS(1, JS) *STATS( I , 3)

1 *RLOI)/RLOT
200 STATS(5,JS)=SQRT(STATS(4,JS))

DO 210 35:1,7,2
STATS (6 ,JS5)=(STATS(1, JS) +STATS(1, 33.1) )*0.5

210 STATS(6,JS+1)=STATS(6,JS)
WHITE(13'IS) ((STAITS(IK,JS),IK=1 ,6),35=1 16)

C***INCRFVENT SE:CTION NUMbFHk AND IF ALL SECTIONS NOT COMPLETED LOOP
IS=IS+1
J=0
NSAMP2=NSAMP2+K-1
IF(ISLE.ISECS) GO TO 30

C***CLOSE INPUT FILE
CALL CLOSE(il)

C***INSURE CORRECT NUMBER OF SAMPLES USED
NSAMPR=0
DO 220 11I,ISECS

220 NSAMPkNSAMR.NSAMP(I)
WRITE(IOD,2030) NSAMP2,NSAMPR

u WRITE(TOD,2046)
D RFAD(IKB.10l0) IYI
D IF(IYI.NE.IYES) GO TO 300
C***SET PRINTED OUTPUT FLAG

Iy2=IYES ISFT TO ALWAYS PRINT
IF(1Y2.NE.IYES) GO' TO 250
WRITECB,20b0)
WRITE(8 ,2010) IRB,ISUIBNDTHOSN ,ITSTN

C***PRINT STATISTICS IF FLAG SET
IY3=IYES !SET TO ALWAYS PRINT
IF(IY3,NEIYES) an TO 300
Do 260 ISEC=1,ISECS
kEAD(13'ISEC) ((STATS(ISA,JS),ISA=1,6),JSZ1,16)
WRITE(&.,2080) ISEr
WRITE(8,2200) JSBLK(ISEC) ,JFBLK(ISEC) ,JFWRD(ISEC)
WRITE(8~,2090)

WRITE(8.2120) (STAIS(2,T) ,Ia1 ,8)

WRITE(8,2140)) CSTATS(4,I) ,Iul ,g)
WRITE(S,2140) CSTATS(5,T),Iu1,S)

WRITECS,216O) -odo



WRITE(6,2120) (.STATS(2,T) ,I9, 16)
WRITE(I8,2130) (STATS(3,I),.19, 16)

WRITE(8,2150) (STATEC5,T) ,.=9, 16)
260 WRITE(8,2160) (STATSC6,I),1:9,16)

CALL CLOSE(a)

300 CALI. CLQSE(13)
250 CALL EXIT
1000 FOIR'AT(14)
1oin FCPMAT(A2)
2000 F0RMAl(20X,'DA1A STATISTICS COMPUTIt4G'/IOX,

1 'ENTER INPUT RE.CORD NUMBERO)
2010 FORM AT(H -'RECORU) tJUM:',13,5X,'SHBJFCT NUm:',13,5X,

I 11l05P NUt%:,I6,5X,'TEST NUhM:',16/)
202n FORMAT(IOX,'IS THiIS CORRFCT RECORD? (YES/NO)')
2036~ FOFAT(1X,'CONVERIFD',I6,X,'SAMPLFS SiOREb),Jb,(,

I 'SAMPLESv)
2040 FORMAT(IUX,ODOES IT LOOK OK? (YE/ND)')
2050 FORMAT(IOX,-DO YOU WANT PRINTED OUTPUT? (YFS/NO)-)
2060 FORMAT(H ,19X,

I 'STATISTICS COMPU)TED AND STORE IN SY:CUSTAT FOR')
20RD FOPMATCIN IS5X,'5rATISTICS FOR SF.CTION-,13)
2090 FnRMAT(IIX,'CI4(1)',9X,'CH(2) ,9X(,'CH(3)',9X,'CH(4)',9X,

I 'CH(5) ',9X, 'CHC6) ',9X, CH(7) ',9X, 'CH(6)')
2100 ERA'1X'HQ'b,'H1),X'H1),X'H12 ,X

2110 FORMAT(2X,'MEAh',2X,8G14.7)
2120 FORMAT(2X, 'MAX',3X,8G14.1)
2130 F0RMAT(2X, 'MlN',3X,6Gj4.7)
2140 F0RMAT(2X, 'VAR-,3X,PG14.7)
21S0 FORMAT(2X,'STD DV',PC.14,7)
2160 FORMAT(2X,-PMV' ,3X.,8G14.7)
220() FflRMAT(lh ,'FIRST BLOCK:'.14,2X,'LAST BLOCK:',14,2X,

s 'LAST WOPDZ',T4)
2220 FORMAT(1VX,'DO YOU WANT STATISTICS PRINTED? (YES/NO)')

END
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C*** PROGRAM FILDAT
C*#* THIS PROG;RAM F7ILTERS DATA IN SY:CULATADAT USING AN 8TH
C***ORDER RECURSIVE B(iITFRveDRTH FILTER* THE DATA IN SY:CODATA.nAT
C**'tlS REPLACED BY THE FILTERED DATA,
C*** NOTE: ONLY DATA IN CODATA(Klol T0 3) ARRAY POSITIONS ARE FILTEPED
C;;;

C*** TASK BUILD AS FILDAT=FILDAT,BNDPASCI,1JF4POTS/L8
C**UNITS=14 MAXBUFz5l2

DIPENS1ON CUJDATA(16,8) ,SIDATA(3200) ,IPOS(3) ,IR(3) ,ISUB(3)
DIMENSION IHOS(3) ,IIST(3),.JSBL(3),IFBL(3) ,KEND(3) ,TSAMP(3)
COMMON /ASV/1F12,1F14
DATA IYES/'YE'/
CALL ASSIGN(8,'SY:PRNTIT.LSTll')
CALL, FDRSEI(B,'APPEND-)
IKB=5
IOD=S

C***WRITE PROGRAM TITLE ON TERMINAL SCREEN
WRITE(IOD,2000)

2000 FORMAT(20X,'CODATA FILTERING')
1000 FORMAT(14)
C***ASSIGN AND DEFINE IFPUT/OUTPUT FILE

CALL ASSIGN(12,'SY:CODATA.DAT,1')
CALL FDBSFT(12,'OLD-)
DFFINE FILE 12(200,256,U,1FI2)

C***READ POINTER INDEX FILE
CALL ASSIC.N(14, 'SY:TNr'ACC.VAT: 1')
CALL FDBSET(14,'OLD')
DEFINE FILE 14(1,30,U,1F14)
READ( 14'1) IPOS,IR,ISUB,IHCS,ITST, ISBL, IFbL,KEND,TSAMP
CALL CLOSE(14)

C***ENTER LOWER AND UPPER BANDPASS FREQUENCIES
FCI=O.50 SLOwEF SET TO 0.50 HZ
FC2uIO.0 !UPPER SET TO 10.0 HZ

C***SET INITIAL INDEX VALUES
IBLK=ISBL( 1)
ILSBLK21FBL(1)
KENDITUKEND( 1)
IF(IFBL(3).NE.0) ILSBLK=IFBLC3)
IF(KEND(3).NE.0) KENDIT=KEND(3)
LS=16
LOThLS*(ILSBLK-ISBL(1 ))4KENDIT/R
F&1000O.0/TSAMP( 1)

C***LOAD ALL SAMPLES OF CODATA(-1I) INTO 61PATA
10 RFAD(12*TBLK) ((CODATA(KI,I) ,I=1p8),K11 ,LS)

IBLKnIbLK41
DO 20 KB1PLS
INDzCIBLK.ISBLCI )-1)*16g'KP

20 SIDATA(IND)=CODATA(KB,II)
IF(IBLK.EQ.ILSbLK) LSKEFNDIT/8
IF(IBLK.GT.ILSBLjK) GO TO 40
GO TO 20

C**IZNCREMFNT ARRAY POSITION AND~ IF LAST POSTION FILTERED EXIT LOOP
30 11.11+i

IF(II.GT*3) GO TO 90
C***FILTER ONE ARRAY POSITION OF DATA(STOPED IN SIDATA)
40 CALL PNDPASCSIDATA,LOTFCl,FC2,FS)
C***RESET PLOCK AND WORD INDEXES

I18LK=ISbLC1)
LSulb

C*;*RELOAD CODATA TO REPLACE FILTERED ARRAY POSITION AND TO
C*LOAD SIDATA WITH NEXT ARRAY POSITION TO BE FILTERED
s0 READC12IP'LK) (C0CDATA(KI.I)vIml.6)#Iuml@L&) __ m J d



IBLK=IBLK+l
DO 60 K8=1,ILS
IND=(I~bLK-I6BL(l) )*1b4-KB

C***LOAD FILTER~ED DATA TNTO CODATA
C0DATA (K8, 1)=SIDATA(CIND)
IF(II.GE.3) GO TO 60

C***LOAn NEXT ARkAY POSITION TO BE FILTERFD INTO sIDATA
SIDATA(INV)=CODATA(KB,I1,1)

60 CONTINUE
C***WRITE FILTFI'ED DATA TO DISC FILE

WRITE(12'ItWLK) ((CODATACKI ,I) ,Iz1 ,8) ,KI:1 PS)
C***IF ON4 LAST BLIUCK.HEDUCE LS 710 LAST WORD

IF(IPLK.EQ.ILSBI.K) LS=KFNDIT/8
C***TEST FOR END OF INPUT DATA

IF(lBLF.GTILSBLK) GO TO 30l
GO TO 50

C***CLOSE OPEN FILE
90 CALL CLOSE(12)
C***WRITE ADJUSTMENT INFO ON1 TERMINAL SCRFEN

WRITE(IOD,2030)
2030 FOPMAT(IOX,'CODATA FILTERINC COMPLETED ON:')

WRITE(IUD,2060)IP1),UE()IOC),SC)IOS)
2060 FORMAT(H ,'RFCOPD NUM:',13,5X,'SrtBJECT NUMz',13,5X,

I 'HOSP NUM:',76,5x, 'lEST NUM:',13,5X,'POSITION:',14)
WRIEIOD,2070) FCI,FC2

207nl FORMAT(IOX,'BANDPASS FRF(IENIES =',F9.2,' TO',F9,2I' HZ-)
IENDR=(Kl-1 )*8
WRITE(ID,2110) ISBlI) ,1OPLK,1(ENDF,LOT

C***SFT PRINTED OUTPUT FLAG
IY1=IYES ISET TO ALWAYS PRINT
IF(IY1.NE.IYES) GO TO 100
WIkITE(S ,2030)

ORITE(8,2070) FC1,FC2
WRITE(P,2110) ISBL(1 ),I0BILK,KENDR,LlT

2110 FORMAT(IH -'FIRST BLOCK:',14,2X,pbAST BLOCK:',14,2X,
I 'LAST AORD:',I4.2X, NUM. OF ShMPLES:'.14)

CALL CLOSF(P)
1oo CALL EXIT

END
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SUBROUTINE' BNT)PAS(ARRAY ,N,Fl ,F2,FS)
C***AN 8TH ORDER BUTTFFRWORTH FILTER WHICH PASSES FREQUENCIES BETWEEN
C***Fl AND F2 HZ 15 APPLIED IN BOTH DIRECTIONS TO REMUVE PHASE
C***SHIFTS, THE DATA SAMPLING FREQUENCY IS "FS" 4Z, AND THE NUMBER
C***OF DATA POINTS IS N. THIS VERSION DOES NOT EXTEND ARRAY SIZE
C*0*R REMOVE TRENDS,
C***IF FREQUENCY F2 IS GREATER THAN OR EGLIAL TO HALF THE
C***SAMPLING FREQUENCY, THE DATA IS NOT FILTERED,

DIMENSION ARRAY(1)
DOUBLE PRECISION TEMP(10) ,AFILT(9) ,XPI,XLI ,XL2,CT,WAI,WA2,W,

1 A,B,AO,AI,A2,A3,SO,S1 ,S2,S3,S4,S5,S6,57,S8,DS
IF(F2.GE.FS/2.0) GO TO 120
XPI=3,1415926535697

XLI=XPI*F1/FS
XL 2 =X PIF2 /F S
CT=DCOS(XLI+XL2)/DCOS (XLI-XL2)
DS=DSIN (2. O*XL1)

WAI=(CT-DCOS(2,O*XLI) )/DS
WA2=(CT-DCOS(2.O*XL2) )/DSIN(2.0*XL2)
WmABS(WAI)
IF(W.LT.ABS(WA2)) W=APS(WA2)

A=DSIN (XPI/B .0)
B=DCUS(XPI/8.O)

C***CALCULjATION OF' CUEFFICIENTS
AO=W**W*I%
Alz(A+B)*w
A2u(A4B)* (A+ib)*h*i
A3C(AtB) *i.$*W
SB1 .042*0*(A1+A2+A3)qAO
SW=-4.0*CTS(2.O+2.0*A2+3.0*A14A3)
S6=40*(1.OAIaA3uAO+2.0*CT*CT*(3.04A2+3.0*A1))
S5:-4. O*CTP (6. 0-2. 0* A2.*0*A 1-3. 0*A 3+4. O*CT$CT* (2.0*AI) )
54=2.0* (3.,0-2. 0*A 2+3 *0*A 0+8 * *CT*CT* (3. o-A2+CT*CT) a

S3u-4.0*CT*(6.0.2.0*A2-3.0*Al+3.O*A3+4.O*CT*CT*(2.O-A1))
52.4.0*(1.OmA1+A3-AO+2.0*CT*CT*(3.0+A2-3.O*Ai))
Stm-4.0*CT*(2.0+2,0*A2.3.0*A1-A3)
SO~i .0+2,0*A2-2.0*AI -2,0*A3+AO

C***STOHE INITIAL VALUE
TEP4P(1O)=ARRAY( 1)

C***ZERO ALL OTHER ELFMENTS.
DO 30 Kzl,9
TEMP(K)0.0O

30 AFILT(K)=0.O
C***SUBTRACT THE INITIAL VALUE FROM' ALL VALUES,

DO 40 K1I,N
40 ARRAY(K)zARRAY(K)-TFMP(10)

C ***APPLY FILTER TO EIbEMENTS 1 TO N.
DO 50 K1I,N.
TEMP(9)zAkRAY (K)
AFILT(9)=(AO*CTEMP(9)-4.0*TEMP(7).6.O*TEMP(5)-4.0*TEMP(3)
1 +TEMP(l) )-(S7*AFILT(N)456*AFILT(7)4SS*AFILT(6)+54*AFILT(5)
2 ,S3*AFILT(4)+S2*AFILT(3),S1*AFILT(2)+SO*AFILT(1) ))/S8

ARRAY(K)uAFILT(9)
Do 50 KK=Ji,g
TEMP(KK)uTEMP(KK4I)

50 AFIILT(KK)=AFILT(KK+l)
C***REZERO DOUBLE PRECISION ARRAYS

DO 70 KK=1,9
TEMP (KK )=O,0

70 AFILTCKK)=U*0
C***APPLY FILTER IN REVERSE DIRECTION*



I(ZN-KN4 1
1EkfP(9)ARPAY(K)
AFILT(9)(AO*(TFP()-4.0TEM4P(7),0*TEt4PC5)-4.O*TE"P(3)

1 *TEmP(l ) )(S7*AFILT(EP),Sb*AFIJ.T(7),5*AFILT(6)+S4*AFILT(5)
2 .S3*AFIELT(4)482#AF ILT(3)46*AFILT(2)+SO*AFILT(l)))/5B

ARRAY(K)=AFILT(9)
Do AO KK=1,Ei
IFMP(KK)=TEMP(K'K+1)

80 AFILT(JK)=AFILT(KK+1)
C***READ INITAL VALU TOFLEE(1)TST ORETT RIIA C
C**RAD II-'RAL ALUET IT)E AVST CRETT RGNL1

nt) 40 K=1,N
90 ARHAY(K)=AkRAY (K)+TFMP( 10)-TEMPAR

100 RVFTURN
120 WRITE(IOD,4000)

WRITE(R ,4000)
4000 FORMAT(IOX,'*****F2 GREATER THAN FS/2.,******')4

RET UR N
END



F23

C***PROGRAP SWPDAT
C*** THIS PROGRAM MOVES WALKINC DATA (SECTION~ 2) FROM
C*** SY:CODATADAT TO POSITION 1 IN SYSCUDATB.DAT

C*;* TASK BUILD AS: SwPDAT:S6PDAT,1,)F4POTS/bB
C*.* UNIISl14 MAXIUFb512

DIMENSION CODAIA(l6b),STATS(6,16) ,IPOS(3),IR(3),1SJB(3),
1 ITST(3),15k3L(3) ,IFiFL(3),KENID(3),TSAMP(3),THDAIA(32,B),
2 1HOS(3)

COMMON /ASV/IF12,1F13,1F14 ,1F17 ,IV'19,1F20
DATA IYES/-YE'/,INO/'NO'/

CALL ASSIGh(9,'SY:PRNTITLSTjl')
CALL FDBSET(8,'APP.ND')

C***READ INPUT INDEX FILE
CALL ASSIGN(9,'SY:INVACCDATII')
DEFINE FILE 9(1,30,U,IF14)
PFAD(9'1) IPOS,IR,ISUB,IHOS,IIST,ISBLIFBL,KFND,TSAMP
CALL CLOSF(9)
IPOSTal !SET UP SO ALWAYS LOADED INTO POSITION 1
DO 10 1=1,3

1o IPOS(I)=IPOST
C***OPEN CODATA INPUT/OUTPUT FILES

CALL ASSIGN(10, 'SY:COVATBDAI; 1')
DFFINE FILE 10(130,256,U,1V12)
CALL FP8SET(I0,'NFW')
CALL ASSICN(11, 'SY:CODATA.DAT; I')
DEFINE FILE 11(200,256,U,1F17)
CALL FO8SFT(11,'READOhLY')

C***SET INDFXES
INBLK=ISBL(2) ISECTION 2 STARTING BLOCK
ISBLIwl !STARTING OUTPUT BLOCK
IF(IPOST.EQ.2) ISBLK=ISBLK+130
IF(IPOST.EO.3) ISBLK=ISBLK+2iO
IFBLK=ISBLK !OUTPUT PLOCK INDEX
155=16 £P'IIJAL DATA SAMPLE INDEX
KFIRSTzI IINITIAL SAMPLE FLAG
KS=KEND(1)/S

KSB=1 6-KS
LOTC((IFBL(2)-ISBL(2))*16(KED(2)/)-KS)
I LOT=LOT
L5=16 ISECTION LAST SAMPLE INDEX

C*$SBEGINNING OF LOOP
C***READ BLOCK OF INPUT AND INDEX ALOCK
6nl READCII'1NBLK) CCCODATA(KIL,IL) ,ILz1,8) ,KIL=ILSS)

INBLKNINBLKt 1
LOT=LOTmLSS
IF(K.FIRST.NE.2) GO' TO 70
LOTz LOT 4LSS-KSB
GO TO IbO

70 IF(LOT.ILE.0) LS=LSS+LOT
C**SFILL REMAINDER OF OUTPUT ARRAY

DO 90 f9BKSib1,KSBLS

g0 TROATA(KIboIL)SCOPATA(KIB-KSB,IL)
IF(KrIRSTEQi.1) KFIkcSTUO
iv(vrpLE,17) GO TO 100

C***WRITE ONE COMPLETE ARRAY PLOCY TO DTSC
%RITECIO'IFBLK) CCTRDATA(KIL,,IL).ILMl,8),KILU1,16)
IFBLK=IFBLK41
* 9 P WA ER F INUT ITO INITIAL POSITION&



IF(LOTLE,0) ILPKSEB+LUT
LDO 90 ILul,k
DO 90 EIbzl,KI~b

90 TRD)ATA(KIP, IL)=TRDA3'A( 16+KIP,11j)
C***IF ON LAST INPUT BLOCK OF SECTION 2, FILL REMAINDER WITH ZERO V'D
C****PITE TO DKO

TF(LOTGT.O) GO TO 60
IF(KSBE0,J16) GO TO 140

10tooKP1).01 GO TO 120
DO 110 IL=1,8
DO 110 KIlb=KIB,16

110 TPDATA(KIL,IL,)0.0
120 IvRITE(10'IFBLK) ((TPDATA(KIL,IL) ,1L1 ,8) .KIL=1,16)
140 CALL CLOSE(JO)

CALL CLOSE(11)
GO TO 180

C***IF ON FIRST SECTION 2 DATA,FILL INITIAL OUTPUT ARRAY POSITIONS
1S0 IF(YSB.EQeI6) GO TO 80

DO 160 1L=1,S
DO 160 KIL=X,KSB

160 TRDATA(KXLIL)=CODATA(16KS~B.KIL,IL)
K FIRS T=0

GO TO 60
C***INS(URE CORRECT NUMbEP OF SAM~PLES WRITTEN TO DISC
1A0 NSAMP2=(IFBLK-ISBLK)*164(Klb-1)

WPITE(IOD,2010) 1LO,TNSAMP2
u WRITE(IOD,2030)
D READ(IKB,1010) IYl
D IF(IY1.NEIYES) STOP 'DATA TRANSFER HALTED'
C***SET PPINTE) OUTPUT FLAG

1Y2=IYFS ISET TO ALfrAYS PRINT
IF(1Y2.N9.IYES) GO TO 270
WPITE(6,2060)

WRITE(*8,2170) 1SBLK,IFBLK,((KIib.1)*8) DNbAMP2
C***RFLOAD INDACC uOITH CL)RVCT INFOHMATION
270 ISBL(1)=ISi3LK

IFBLC )IFBLK
KEND( 1)U(KIB-1 )*P
DO 2I90 J=2,3
ISBL(J)=0
IFBL(J)=0

2RO KEND(J)=O
C***WRITE INDACC TO DISC FILE

CALL ASSIGN( 12, 'SY:INDACCDAT;1')
DEFINE FILE 12(1,30,U,1F19)
WRITE(12'IPOS(1)) IPOS,IR,ISUB,!HOS,ITST.ISHLIFBL,KEND,
I TSAMP
CALL CLUSF(12)
CALL CLUSFT(P)
CALL EXIT

1000 FORMAT(14)
1010 FORMAT(A2)
3020 FORMAT(2F15,7)
1030 FOR'4AT(4I4)
2000 FORMAT(20X,-DATA TRANSFER'/I0X,

I *ENTER KEND(1) ,KEND(2) ,ISBL(2),*IFBL(2)')
2t)10 FORMAT(IOX,'INPIIT',2X,14,' SAMPLES',5X, '0UTPUT',2X,14,

1 ' SAM4PLES-)
2020 FORMAT(1OX.OUTPUT CODATA BLOCK-,I4,2X,PTHRU BLOCK',I4)
2030 FORMAT(1OX,'DOES IT LOOK OK? (YIZ6/NO)')
2040 FORMATC1OX,' WANT TRANSFER STATEMENT PRINTED?CYES/NO)')
2060 FORMATC'l'pl9X,PDATA TRANSFER TO COVATBoDAT COMPLETED')
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2070 FORMATIlH ,'kECORPD Ntim: ',13,5X, 'SUBJECT NUM:',13,5X,
1 'NOSP NUK:',16,5X,'TEST NVM:9',6,5X,oPOSITION',I3/)

2170 FORMAT(1IH *DFIRST 8LCKZ',14,2X,'LAST bLOCI':',I4,2X,

1 'LAST WORL):',14,2X,-NlIM. OiF SAM~PLES91,14)
2200 FORMAT(IOX,'DATA SECTIONING'/5X,

I 'ENTER WALKING SECTION START AND STOP TIMES-)
2210 FORMAT(1OX,-COMPUTEDt STAR~T TIMEc',Gl4s6,2X,'STOP TIME=*,

I G14,6)
2220 FOPMAT(1H ,'FIRST BLOCK:-,I4,2X,'[.AST BLOCK:',14,2X,

I 'LAST WORD',I4)
2240 FOPMAT(SX,'FCHOCIFCK: 0,414)

ENP
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C**** PROGRAM SPEDIT
C*** THIS PPOGkAm ITERHATES TO PRODUCE AN OMEG~A VKCTOk WITH MEANS
C***OF APPROXIMATELY ZEkO(<TOL). 11 USES SUPROUTINE VERSIONS OF'
C***COOMFG AND MEANIT CALLED SPOMEG AND SPMEAN,

C*** TASK BUILD AS:
C*** SPFDIT=SPIDIT,SPOMEG,AM31NMDIOMGMSPMEAN,E1,13F4POTS/Lb

C**UNITS=14 MAXBUF=512
DIMENSION SMEA6(3,)
COMMON/PARAM/IKB,IOD,IPOST,IPOS(3),IR(3),ISUB(3),IHoS(3),

I ITST(3),ISBI,(3),IFRL(3),KENL)(3) ,TSA'AP(3) ,ADJ(4),APSL(4),
7 ASTP8),IYl

COMMON Y(37,4) ,rY(36,4) ,CO!PATA(3b,4)
COMMON /ASV/1V1,I02,1D3,1D4
DATA IYES/-YE'/,INO/'NO-/
CALL ASSIGN(6,'6Y:PRNTITLST,1')
CALL FDBSET(S.'APPEND-)

IOD=5
IX l=INO

C****ITE PROGRAM TITLE ON TERMINAL SCREEN
WRITE(IOD,2800)

2900 FORMAT(IOX,'SPEEDY ITERATION OF OMEGA')
IP05TZ1 !SET FOR POSIlION I ONLY
TVL=0,OO0O1 1ITERATION TOLERANCE
MAXI=40 !MAX NUMBER OF ITERATIONS
DO 10 1=1,4

10 ADSU(I)=0.0
D WFITE(IOD,2810)
2810 FORMAT(IOX,'ENTEP CODATA SLOPE CORRFCTiONS-1,2,3,4')
D READ(IKB,151O) ADSL
1510 FORMATC4FI5.7)

KOUNTzO
C***SET OFFSET ADJUSTMENTS TO ZEPO

DO 20 1=1,4
20 ADJ(I)=DO
C***INTEGRATE TO FIND OMEGA VECTOR
40 CALL SPOMEG
C*V*COMPUTE THE OFFSET CORRECTOR FACTOR SO THAT OFFSETS ARE ADJUSTED
C***BY A FACTOR OF MEAN VALUE X 2 /RUN TIME,

IF(KOUNT.NE.0) GO TO SO
RNT=FLUAT((IFPL(2)ISBL(2))*32+KEND(2)/4)*TSAMP(2)*cO.001
FCTz2 *0/RNT

C***COMPUTE MEA1W OF OMEc.A VECTOR
50 CALL SPMEAN

KOUNTzKOUNT+1
WPITE(IOD,2820) (ASTR(i) ,121 ,4)

2920) FORMAT(2X.'mEANS=',4(2X,G14*7))
IF(I(OUNT.GT.AAXI) STOP -TOO MANY ITERATIONS"

C***ITEPAIE ON cMEGA(2) UNTIL LESS THAN TOLERANCE BY ADJUSTING
C*** CODATA(2)

IF(ABS(ASTR(2)).LF.TOL) GO TO 60
ADJ(2)xADJC2)4FCT*ASTP(2)
GO TO 40

C**$ArF OMEGA(2) MEAN LESS THAN TOLERANCE ADJUST CODATA(1) AND (3)
60 IF(ASCASTR(l)).LE.TOLAND.ABS(ASTR(3)).LE.TOL) GO TO 100

ADJ(1)S.ADJC1 )-?'CT*ASTRC1)
ADJ(3)=ADJ( 3)+FCT*ASTRC3)
GO TO 40

100 IFCIY1.EQI~.YES) GO TO 120
IYlzIXES
GO TO 40

C**TORI MICAK A



120 CALL ASSIGN(14,'&Y:STMEAN.DAT;1',16)
DEFINE FILE 14(1,18,iJ,IGUESS)
CALL FDBSET(14,-NEW-)
DO 140 I=1,3

140 SIMEAN(I)=ASTR(I)

CALL CLOSE(14)
CALL CLOSE(S)
CALL EXIT
END



SUJ3POL7 INE' SPOPFG-X
C*** PROGRAM CoCVMFG

C*** THIS PROGRAM JNTEGkATFS THE DIFFERENCE, DATA SIORED IN
C***SY:CDDATBDAT TO PRODUCF THE THREE COMPONENTS (IF THE ROTATION
C***VFCTOR OMEGA, IT STOPFS
C***OMG1,DMG2,OMG3, AND PEA% SQUARE INTEGPATION ERkOR ON VISC FILE
C***SY:OMFGA.DAT, TFE INDEX TO SYSUREGA.DAT IS STO'RED IN ARRAY
C*$*POSIION (2) OF INDEX FILE SY:INDACC.DAT.

COMMON~ /PAHAM/IK(B,lOD,lPOST,IPOS(3),IR(3),ISUR(3) ,If4OS(3),
1I TST(3),ISkild3),IFIJL(3) ,KEND(3),TSAMP(3),ADJ(4),M)SL(4),
2 ASTR(6),IYI

COMMON Y(37,4) ,LY(36,4) ,CODATA(36,4)
COMMON /ASV/IF15,1F17,1F19,1D4
DIMENSION STDATA(36,8)
EXTERNAL DIOMGM
DATA IYE-S/'YE'/

C***ASSIGN AND DEFINE OUTPUT FILES
CALL ASSIGN(9,'SY:OmEGA.DAT:1')
DEFINE FILL 9(65,256,U,1F15)

C***READ POINTER INDEX FILE
CALL ASIGNC 10, 'SY:INDACC.DAT;10)
DEFINE FILE 10(3,30,U,IF19)
CALL FDB5ET(10,'REACONLY')
READ(10'IPOST) IPOS,IR,ISUB,1140S,ITST,ISRL, IFPL,KFND,TSAMP
CALL CLOSEC1O)

C***SET INITIAL, INDEX VALUES
IFLK=ISBL(1) !INPUT BLOCK INDEX
IDPLK1l IOUTPUT BLOCK INDEX
IF(IPOSTEQ.2) IOB.K=JORLK465
IF(IPOST*EQ.3) IOBLN=IOBLK.130
ISBL(2)=IOBbK

C***SET INITIAL VALUES FOP P.NTRY INTO INTEGRATION ROUTINE AM31NM
C***N.B.:OMEGA AND OMFEGADnT SET TO ZERO

DO 10 1=1,4
DO 10 J=1,4
Y (J, I )0,O

10 DY(J,I)=U.0

H=TSAMP(I )*O.00i
C***ENTER CODATA OFFSFTSO0NTY POSII:ONS 1-4)
D WRITE(ILID,2010)
2010 FOPMAT(SX.'ENTER COPATA OFFSETS--POSIIUNS 1,2,3,4 ONLY')

1020 FORMATC4FI5,7)
D WRITE(IOD,2060)
2060 FORMAT(SX,'ENTER COPATA SLOPE COPPFCTI'1NS---1,2,3,4')
D READ(IKb,1020) (APSL(I,1=1,4)
C***ASSIGN AND DEFINE INPUT VILF

CALL ASSIGN( 11, 'SY2CDDATb.flATI I.)
DEFINE FILE 11(130,256,U,IF12)
CALL FDOSETCIt'RFAPONLY')

C***READ IN TWO BLOCKS OF INPUT OltTA
C***SFT SAMPLE INDEX FOP FIPST BLOCK
20 LSu20 14 IC'S + J6 SAMPLES
C***IF ON LAST INPUT BLOCK,REDUCE L~S

IF(IBLK.EQ.IlF8L(l)) LS=(KENP(I )/8)*4

IBLKUIBLK41
C***F LAST INPUT BLOCK WAS REAn,JUMP TO DATA TPANSFER

IFCIBLK*GTIFBL(1)) GO TO 30
LS=36
IFCIBLK.EcJ.IFBL(l)) LS=(KEt4VCI)/e)420

LC*S$READ IN SECOND INPUT DATA---
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PLAP( i1 ILK) ((STDI TA(KI ,I), 1=11 ) ,Klz2l ,LS)
IblKIHLK, I

C***TRANSVEP INPUT DATA TO TNTECPATION APf.AY
.30 DO 40 IS

T=FL0OAT((1XHi4-IsbI,(1)-1)*16+(KI-5))*H
DO 40 1=1,4

40 CODATA(KI ,I):STDAIACisI,I)-ADJ(1)-qDSL(I)*T
C***INTERATE B'LOCK( OF DATA

CALL AM31NM(DIOMGM,H,LS)

C***IF ON LAST BLOCK,STORE ZERO IN REMAINnFF
IF(I9LK.LTIFhiL(J)) GO TO 60
LOS = S +1
IF(LOSGT.36) GO TO 60
DO 50 J=LOS,36
DO 50 1=1,4

50 YCJ,I)0O
C***WRITE INTEGRATED BLOCK TO) DISC FILES AND INDEX BLOCK
60 WRITE(9'IDBLK) ((Y(KI,I) 11=1 ,4),KI=5,36)

IOBLK=IOBLK+J
C***TEST FOR END OF DATA

IF(IBLK.GTIFbL(1)) GO TO 80
C***RESET ARRAYS WITH INITAL COND)ITIONS FOR NEXT DATA BLOCK

Dfl 70 1=1,4
DO 70 J=1,4
Y(J,I)=Y(J.32,I)
DY(J,I)=DY (J+32,I)

70 CODATA(3,I)=CODATA(J+32,l)
GO TO 20

C***CLOSE ALL OPEN FILES
80 CALL CLOSE(9

CALL CLOSE(11)
C**COMUTELAST WORDI INTEGRATED AND LAST BLOCK WRITTEN TO DISC

IFBL(2)=IOBLK-1
C***WPITE ON TX INFORMATION ON INTEGRATED DATA
D WRITE(IOD,2020) IR(2) ,ISUB(2) ,IHOS(2) .ITST(2) ,IPOST
2020 FORMAT1H -'RECORD NUN:-,13,5X,'SUBJECT NUM:',13,5X,

I 'HOSP NUM: ',I6,5X, 'TEST NUM: ',13,5X, 'POSITION', 13)
D VoRITE(IOD,2090) IS8LC1) .IFBL(1),KEND(1)
D WRITE(IOD,2090) ISBL(2) ,IFBL(2) ,KEND(2)
D WRITE(IOD,205') (ADJ(T),I=1,4)
2050 FORkAT(IH -'DATA ADJUSTEn USING:'/5X,'OIFFSETS:',4(X,G14,7))
D WRITE(IOD,'208n) (AD9L(I),I=1,4)
2080 FORMAT(SX,* SLOPErS: ',4(X ,G14.7))
C***IF DATA LOOKS C.OOP--STORE INDEX INFO AND CARRY ON
D WPITE(IOD,2030)
2030 FORMAT(IOX,'D()ES IT LOOK OK? (YES/NO)')
D READ(IKB,1010) Il
D IF(IY.NE.IYES) STOP 'INTEGRATION ARURTED'
C***STORE NEW INDEXING INFORMATION

CALL ASSIGN(13,'SY:INDACC.DATi I')
DEFINE FILE 13(1,30,U,1F19)
WRITE(13'IPOST) IPOS,IP *ISUB,IHOS,ITST,ISBL, IFBL,KEND,TSAMP
CALL CLOSE(13)

C***TEST PRINTED OUTPUT FLAG
IF(IY19NEeIYES) GO TO 100
WPITECB ,2070)

2070 FORMAT(Ih *19X,'CMEGA INTEGRATION COMPLETED ON'/)
WPITE(8,2020) IR(2) ,ISUIS(2) ,IHOS(2) ,ITST(2) ,IPOST
WRITE(8,2090) ISBL(2) ,IFBL(2) ,KEND(2)

2090 FORMAT(IH ,'INITIAL BLOCKg',14,2X,'FINAL 8LOCK:',14v2X,
1 'LAST wORDt',I4)

WRITECI,3050) CADJC)Ilp4)



SURHOUITINF AM3]NM(DIFUN,H,L)
C*** THIS SUBROUTINF INTECHATFS 3 FIRST ORDER DIFF EGS

C***USING A4TH ORDEk ADAMS-BASHEORTH-MOULTON METrHOD
C*** BEFORE ENTRY THE FIRST 4 PnSITIONS IN ARRAYS Y AND

C***DY MUST BE LOADEU WITH THE INITIAL VALUES AND THE VALUES
C*2P*FOR THE NE.XI 3 STE PS CORRESSPLONDI14G TO:

C**TI TI T2 T3
c*s* Y(i,I) Y(2,I) Y(3,I) Y(4,I)

C*** V~l~i) Y(2,I) DY(3,I) DY(4,1)
C*** PARAMETER DESCRIPTIONS:
C*** ARkAY Y: INDEPENUE14T VARIA13LES IN Y(LI),Y(L,2),YCL,3)

C***MEAN SO DiVE BETWEEN PREDICTOR ANiD CORRECTOR
C*** IN Y(L,4)

C*** ARRAY DY: DERIVATIVFS OF INDEPENDFNI' VARIABLES IN DY(L,I) ,
C***DY(T.,2),L)Y(L,,3). DY(L,4) IS NUT FILLED) BY THIS
C***SUbHOt!TTNF

C*** H: STEP SIZE(NORMALLY IN SECONDS)
C*** L: TOTAL STEPS TO BE COMPLETFD FROM l'I NUT TO EXCEED 36

*DIMENSION AC4),b(4),EPR(3)
COMMON Y(37,4),DY(36,4) ,CfDATA(3b,4)

C***COMPUTE AND STORE COEFFICIENTS
A(I)=H*2.29lb67
A(2)=-H*2.458333
A(3)=H*1.541b67
A (4)=-H*O, 375
B( I)sH*O.375
B(2)H*07916,b7
B(3)=-H*O.20b3333
S(4)=H*0,04 166667

C**$BEGIN OVERALL INTEGRATION LOOP
DO 30 J=5,L

C***COMPUIE PREDICTOR AND STORE IN Y(Jti,I)
DO 10 I=1,3

10 Y(J+I,I)=Y(J-I ,1).iA()*DYJ-1,I)+A(2)*DY(J-2,I)
I +A(3)*PY(J-3,I)+A(4)*DY (J-4,I)

C***COMdPUTE DY USING PREDICTOR
CALL DIFUN(J+I,J)

C***COMPUTE CORRECTOR

20 ER(I )ASY(J,)I)(J4 ,I) I*D(-1I
I +B(3)*DYCJm.2,I)+BC4)*DY(J-3,l)

C***COMPUTE DY USING CORRECTOR
CALL DIFUN(J,J)

30 Y(J,4)zSORT(ERR(I )**2+EHHC2)**2.ERR(3)**2)
RET U R1
END
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SUI3POUTINE DlOMGM(UY,ljDy)
C***THIS SUBPOUTINE CONTAINS THE DIFFERENTIAL EQUATIONS
C*** WHICH DEFINE THE SOlLUTION TO THE ROTATION VECTOR OMEGA

COMMON Y(3i ,4) ,DY(3b,4) ,CODATA(36,4)
DYCLDY,1)=Y(UY,2)*Y(LY,3).CODATA(LDY,l)
DY (LDY,2)=CODATA(LDY,2)
DY(LDY,3)=-Y(LY,1)*Y(LY,2),CODATA(LDY,3)
R FT URN
ENDI



SUBROUTINE SPMEAN
C*** PROGRAM MEANIT

C*** THIS PROGRAM COMPUTES THE MEANS OF SY:OMEGA*DAT
CUMMON/PARAM/lJ(R,IOD,IPOST,IPOS(3) ,IR(3) ,ISUB(3) ,IHOS(3),

J ITST(3) ,I&BL(3) ,IFFL(3) ,KEND(3) ,TSAMP(3) ,AD.J(4) ,ADSL(4),
2 ASTR(B),IYl

COMMON /ASV/IFIS,I7,IF19,1F24
DIMENSION CDATA(32,B)
DATA IYES/'Yk.'/

C***QPEN INPUT FILE AND SET PAPAMETER VALUES
CALL ASSIGN(121 'SY:U)MEGANNDAT~1')
DEFINE FILE 12(65,256,U,lFIS)
CALL FDBSET(12,'REAr)ONLY-)
1 FIL E=12
1PL=2

KIL=32
C***SET INITIAL INDE~X VAIATJES

LS=YIL
LOT=LS*(IFBL,(TPL)-ISBL(IPL))+KEI'D(IPL.)/IL
H=TSAMP(1)*0,001

C***LERO SUMMING LOCATIONS
DO 10 11I,1L

10 ASTR(I)=U.0
C$**READ BLOCK OF INP0I DAIA AND INDEX B~LOCK~
20 RLAD(XFILE'IBI() ((CDATA(KI,I),I:1 .IL) ,KIml,KIL)

IBLK=IBLK+ 1
C*COMPUTE SUIM OF ALL SAMPLJES AND STORF

DO 3n K11,tKIL
DO 30 I=1,IL

30 ASTR( I )CDATA (KI ,TI)+ASTR( I)
C***IF ON LAST BLOCF,kEDUCE LS TO LAST 6ORO

IFCIBLK.LQ.IFBL(IPL)) LS=KEND(IPL)/IL
C**$TEST FOR END OF INJPUT D)ATA

IF(IALK.GT.IFE8L(IPL)) GO TO 40
GO TO 20

C***CLOSE OPEN FIVEF
40 CALL CLOSE(IFILE)
C***COMPUlE MEAN VALUE

DO 50 I=1,1L
5f) ASTR (1)ASIR( I)/FLOAT(tOT)

IFCIY1.NE.1YES) GO TO 80
WRITE(8,2310)

2310 FORMAT(15X,-FOR FILF SY:OMEGA.DATIFI)
WRITE(P,21U0) IR(IPL) ,ISUB(IPL) ,IHOS(IPL) ,ITST(IPL),IPO$T

2100 FORMAT(1H ,'RECORD NUR:',13,5X,"SUBJECT NUM:',13,5Xp
I 'I4OSP NUM: ',Ih,5X,'TEST NUM:" ,13,5X,"'PUSITION9",I3)

WRITE(8,2110) 1SE'L(1PL) ,IFBL(IPL) ,KEND(IPL) ,LnT
2110 FORMAT(IH ,'FIRST BLOCK:-,14,2X,'LAST BLOCK:*,14,2X#

I 'LAST w0RD:lv14,2X,"NUM.. OF SAMPLES:',14)
WRITE(9,2030) (ASTR(I) ,In1 ,IL)

2030 FORMAT(1OX,#MFAN(1) ,(2),.....cl,/4G15,7,/4G15,7/)
s0 RETURN

FNP



F33

C*** PROGRAM UNGFIL
C*** THIS PROjGRAM FILTERS DATA TN SY:ONEGA.DAI USING AN 8TH ORDER
C***FCURSIVE BUITERWOPHT FILTER. THF DATA IN SY:OMEcA.DAT IS

C***RFPLACED BY THE FILTFEEO DATA,

C*** TASK BUILD ASi OMGFTL=OMGF'IL,BNP)PAS,C1.1)F4POTS/Lb
C**UNITS=10 RMAXIAUF517

DIMENSION CODAIA(32,4) ,SIDATA(2000) ,IPnS(3) ,IR(3),ISUPC3)
DIMENSIUN IHOS(3) ,ITST(3),ISBI,(3) ,IFHIC.3),KED(3),TSAMPC3)
COMPON /ASV/1F22,IF19
DATA IYES/'YE'/
CALL ASSICN(8, 'SY:PRNTIT.ST;1 ',16)
CALL FDBSE7(6,'APPiEND')
IKB=5
IOD=5

C***WRITE PROGRAM TITLL ON TERMINAL SCREEFN
kPITE(IOD),2000)

2000 FOPwkAT(2X,'0mEGA FILTERiNG')
IPOST~l !SET PUSI2IOd I ONLY

C***ASSIGN AND DEFINE INPUT/OUTPUT FILE
CALL ASSIc7N(9,'SY:OMFGA.DAT;l',16)
DEFINE FILE 9(65,256,U,1F22)
CALL FDBSET(9,'OLD')

C***REAP POYTER INDEX FILE
CALL ASSIGN4( o,~SYIND)ACC.DAT;1' ,1b)
DFFINE FILF 10(1,30,U,1F19)
CALL FDi3Si~iA0,'HFAVUfJLY')
READ(1O'IPOST) TPOS,IR,ISUIB,IHOS,lIST,ISBL, IFBL,KFNDTSAMP
CALL CLOSE(10)

C***ENTER LOWER AND UPPFR BANEPASS FPKQUENC1ES
FCI=0.50 £LOWER SET TO 0.50 HZ
FC2=10*0 !UPPER SET TO 1u.0 HZ

C***SET INITIAL INDEX VALUES
IBLK=YSBL(2)
LS=32
LOT=LS*(IFBL(2)-ISBL(2))+KEND(2)/4
FS=1OOO.0/TSAMPC2)

C**1*LOAD ALL SAMPLES OF CODAT~A(-,I) INTO SIDATA

IBLI(IBLK+l
DO 20 hb1,LS
IND=(IRLK-ISBL(2)-1 )432+KB

20 SIDATA(IND)=CflDATA(KB,II)
IF(IBLI(.E0.IF~l,(2)) LS=KEND(2)/4
IF(IBLI(.GT.]FfAI(2)) GO TV 40
GO TO 10

C$**INCREMENT ARRAY POSITIONh AND IF LAST POSTION FILTERED EXIT LOOP
3f0 I1=I7,1

IF(II.GT.3) GO TO 90
C***FILTER ONE ARRAY POSITION OF T)ATA(STORED IN SIDATA)
40 CALL AND&AS(STDATA,L0TFClFC2,VS)
C***RESET BLOCK AND wuOHD IND)EXES

IBbK=ISBL,(2)
LSu32

C***RELOAO CODATA TO REPLACE FILTFRFD) ARRAY POSITION AND TO
C$**I..OAD SIDATA WITH NEXT APRAY POSITION TO BE FILTERED
so READ(9'IBLK) ((CO)DATA(KI,I),I=1p4),KI:1 ,LS)

10 B .K: b 1k
IALK=IbbK+1
Do 60 KgB1,LS
INDC(IBLK-ISBL(2) )*324KB

C**LOAD FILTERED DATA INt 0 ATA



COVATA(IK,1I)=SIOATA(lND)
IFfII.GEo4) GG TO 60

F C***LOAD NEXT ARRAY POSITION TO BE FILTERED I T( SIDATA
SIDATA(jNv)=CfDATA0U8,II+l)

60 CONTINUE
C*#*iWRITE FILTERED) DATA TO DISC FILE

WRITF(9'IO8LK) ((COPAkTACKI ,I) ,1=1 4) ,K7=l,LS)
C***IF ON L4ST BLOCKoHEDUCE LS TO LAST wOPD,

IP(IBLK.EO.IFbL(2)) LS=KENID(2)/4
C***TFST FOR END OF INPUT DATA

IF(ULK.GI.IFPL(2)) GO TO 30
GO TO 50

C***CLUOSE OPEN FILE
90 CALL CLObE(9)
C***ARPIrE ADJUSTMENT INFO ON TERMINAL SCREEN

vPITE(IOD,2030)
2030 PUPMAT(1XOOEGA FILTERING COMPLETED OW:)

2060 fOPMATMH -'RECORD 'UN,T3,5XpSUSJECT NUM:l,13,5X,
I 'HOSP NUM:',16,5X,lTEST 14UM: ',13,5X,'POSITION: ',I4)

WiITE(TUD,2070) FCl,FC2
2070 FORMAT(IOX,'OANDPASS FREQUENCIES:',F9,2,' TO',F9,2,' HZ')

KENDP=(K1-1 )*4
WRITE(IOD,2110) I$bL(2) ,IOBLKI,KENDR,LDT

C***SFT PRINTED OUTPUT FLAG,
IYl=IyEs !SET TO ALWAYS PRINT
IF(IYI.NE.IYES) GO TO 100
WRITE(P ,2030)
WRITF(8,20b0) IP(1)g1SUB(1),IMOS(1) ,ITST(1),IPOS(1)
WRITE(8,2070) FCI,FC72
wRTTE(8,21 10) ISBL(7) ,IOBLK,KENDR,lXLT

2110 FORMAT(1N ,'FIRST BtOCK:',14,2X,'iAST FLOC1:,14,2X,
I 'LAST itOHD:',I4,2X,NUM. OF SAMPLEStl,14)

100 CALL CLOSE(S)
CAL!. EXiT
Et. r
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C*** PPOGkAM 1NANGL
C*** THIS PROGRAM COMPUTES THE INITIAL ANGLES THLTA AND

C***PHI FROM PAiR ALEAN VALUEFS AND STflRES THFM ON DISC FILE
C***SY:STRANG.DAT. bETA is SET TO ZERO r)E~kFES,

C***TASK PIJILn AS: INANGL=I!jANGL,(1,l3F4POTS/LB
CI NITS=1O MAXPUF=512

DIMFNSION V(5) ,STATS(6,16)
COPMON /ASV/1V20,1F30
DATA 1YES/'YE'/
CALL ASSIGN(8,'SY:PPNITIT.LSiI '.16)
CALL FD6SFT(8,'APPEND')
IKB=5

RADF(=57.7 9577951
C***WRITL. PROGRAM4 TITLL ON TERMINAL SCRFEM

WPITE(IOD,2000)
2000 FORkAT(20X,'1NITIAL ANGLE COMPUTAION')

IPOSTIl !SET POSITION I ONLY
C***LOAD PMVS FROM STATISTICS DISC FILE

CALL ASS1GN(9,'SY:COSTAT.DAT; 1',16)
DEFINE FILE 9(3,192,U,IF20)
CALL FD8SEl(9,'HEI1D0NLY-)
ISECIl
READ(9ISEC) ((STATS(IS,JS),IS=1,b) ,JS=1,16)
CALL CLUSE(9)
V(1)=STATS(6,1)
V(2):STATS(6,3)
V( 3)=STATS(b,5)
V(4)=SIATS(6,7)

C***WRITE OUT PMVS ON TERMINAL SCRFEN
WRITE(InD,2050) (V(I) .1=1,4)

2050 FORMAT(lh -Pt,.V 1,3,5,7: ',4(2X,F12.7))
C**;COM.PUTE MEAN OF PMV(3) Ahn PMV(5)

V (5) =(V (2) +V/(3)) * O5
MAX=5O IMAY NUM OF ITEPA'hIONS
TOLzO,0035 !TOLERANCE= 0.2 DEG-S
KOUNTSO
QzV(1)$V(1)/V(5)/V(5)
SPH=-V(S)
CPH SO F T( 1. 0-SPP*,;Pl3)

10 CS2TR=V(4)*V(4),U*SPH*SPH*CPH*CPH
IF(CS2TN.GT.1.0) STOP 'COS PHI GT 1.0'
PHI=ATAN2(SPH ,CPH)

2010 FORMAT(2(2X,G14.7))
SI2TR=SORT I .0-CS2TP)
Pi2=ATAN2(SI21,P SQHT(CS2TR))
IF(PHI.LT.0.0) PH2=-PH2
D F U= PH~- PH 1

D WRITE(IUL),2010) PHI,DFL
IF(ABS(ULL).LT.TOL) GO TO 20
SPHwSIN(PHI4DFL)
CPH=SQRT( I .- SPH*SPH)
KDUNT=KUUN7+,1
IF(KOUNT.GT.MAX) STnP 'EXCEFDED 50 ITFRATIrNS'
GO TO 10

20 CTH=-V(4)/CPH
S7480RT( 1 .- Ct H*CTH)
IF(V(1 ) LT*C.0) STH.-STH
THETAmATAN2(STH DCTHi)*RADEG
B F;TA .0.0
PHImPHI *IADF.G
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PMV35=-SPH*CbTA
PMV7=-CPH*CTH

ofIkITF(JQD,2O20) IHETA,PHI,BETA,PMVI ,PMV35,PMV7
2020 FflRMAT(5X, DTHETAD',G14.7,2X, DPHID,G14.7,2X,DBETA=',G14.7,

1 /,5X,'P!4VIz' ,G14.7,2X,'PMV35',G14.7,2X,.PMY7z',G14.7)
C***WRlTF~ ANGLES TO DISC FILE

CALL A5SSIGN(10, 'SY:ST'RANG.DAT;1',16)
DEFINE FILL 10C1,b,tJ,1F30)
CALL FDBSET(10,'NEW')
WFI]E(l0'IPOSl) THETAPHI,BLTA
CALL CLOSF7(1O)

C***SFI PJk1NTEL OUTPUT FLAG
IY=IYES !SET TO ALWAYS PRINT
IF(JY.NEIYFS) GO TO 100
WP]TF(8,2040) (V(1),.12 ,4)

2040 FOkMAT(lH ,IDX,'ILNITAL ANGLES COMP~UTED FOR:'/,5X,'PMVC1)=*,
1 G14.7,2X,-PMV(3)=',G14.7,2X, PfV(5)=',G14.7,2X,'PMV(7)u',
2 G14,7)

ImRITE(8',2020) THETA,PHI ,BETA,PMV1 ,PMV35,PMV7
t00 CALL CLOSE(Q)

CALL EXIT
END
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C***PHflGkAM CbAr"CL
C*** THIS~ FkOGRAP INTtGRIFiS THL OMEG;A VF.CT())H STORED IN
C***SY :0ML~GA.DA7 TO FkODUCF. IHE THHFE kOTATiO?. AJGL S(Tt4EIA,
C***PHL AND BETA). IT STORES THETA, PHI AP'V BETA
Cs***AND MFAN StOUARE INTEIGRATION ERRORk ON DISC FILE
C***SY:ANGLES.DAT. THF iNnEY TO SY:ANGLLS.DAT 18 SIONEL)
C***IN ARRAY POSITION (2) OF INDEX FILE SY:lNDACC.DAT.

C*** TASK BUILD AS COANGL=COANGL,AM31NM,DIANGL,11,1F4POTS/LH
C*4U14ITS=12 'MAXPLJF=512

DIMENSION IPK)S(3) .lP(3) ,lSUEb(3),IHOS(3),Ir'ST(3)
DlMEN~SIUN ISBL(3) ,IFT3L(3) ,KEND(3),TSAMP(3),ADJ(3),ADS.(3)
COMY~ON Y(37,4),DY(36,4) ,COLATA(36,4)
COMM01 /ASV/1Fl5, 1F24 ,II19,4F30
FYTERNAL DIINGL
DATA 1YES/'YPM'/
CALL ASSi N(b,S.Y:FPHNTITLST;V ,lb)
CALL FDt3SEI(R,'APFFND')
IK'B5
IOD=5

C**PvWRI'IE PRIIGPAM TITLF ON TERMINAL SCREEN
WkiIIE(IUD,2000)

2000 FORMATr(20X,'RHTATJU AI4GLF INTEGRATION-)
IPOST=l !SET POSITION 1 ON~LY

C***ASS1Gf- ANE, DEFINE INPUIT FILE
CALL ASbI iN( 9, 'SY:OMFGA.D)AT; 1',15)
DEFINE FILL 9(b5,25eb,U,IFl5)
CALL FLBSEl(9,'PEAPOFJLY-)

C***kEAD PflINTFk iNULX FILE
rALL ASSI(N(1O,'SY :INrACC.DAT,1',16)
DEFINE FILE 1O(1,30,U,IF19)
CALL FVB6FTC1O,'HEADONLY')
READ(10'IPOST) lPOs,IR,ISUB, IHOS,ITST,ISBL,IFBL,KEND,TSAMP
CALL CLOSE0lO)

C***SFT INITIAL INDEX VALUES
IBLK=ISVL(2) !INPUT BLOCK INDEX
IOBLK=ISBL(2) !OUTPUT BLOCK INDEX

C***SET INITIAL VALUES FOP FNTkY INTO INTEGRATION ROUTINE AM31NM
C***REAY) INITIAL AiiGLE VALUES FROM DATA FILV

CALL ASSlGN(11 ,'SY:STkANG.DAT;I*#16)
DEFINE FILE. i1(I,b,U,1F30)
CALL PLVBSET(Il,'READONLY-)
RFAD(W1IPOST) THFTAI,PHII,HETAI
CALL CLOSE(1l)
RADEG=5? .29577951

C***NBa:ANGLED2T'S SET TO ZERO
DV 10 1=1,4
Y(I ,1)=THF'1A/ArjE(;
Y (I ,2):PHIl/HADFG
Y(I ,3)HmETAI/kADLG
Y(I ,4)=VU
DO 10 J=1,4

10 DY(I.j)=0.O
L5336
LUjTzlb*(IFbL(2)-ISBL2))+(EtD)(2)/P
H = TSAM PC2) $ C,001

C***ENTFI OMEGA OFFSETS AND SLOPE CORRECTIONS
tO 15 1:1,3
ADJ(I)bU.0

i5 ALSUI)E0eQ
D WRITF(IOD,2U10)
2010 FORMAT(bX,'FhlFP OMEGA OFFSETS--POSITIONS 1,2,3 ONLY')
P RjLAD(iKB.1O2O) CADJ(l)12103)
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2015 P LR ',AT( 5X, 'EwlP ~iA SL(JPF COP I-1CI I C.--t,2, 3')
D kE A,( I t', I tUko) ( AU,1I (M, I c , 3)
C***ASSCI.r AND) OLF114I. Otil l4T F ILE

CALL ASS](:N( l','SY:?dJCLFS.L'AT;I 'ulc)
DEIINt PILE 12(b5,25b,U,IF24)
CA14L F1?133T(12,-NEV')

C***P'EA) 11, kbLOCl\ OP, INPUT DATA AND INDEX JILOCK

C***ADJLISI OMEGA it1NPLJI UATA FOP OFFSET AMD SLPPE
Of' 30 KI=5,LS

L'0 30 1=1,3
30 CUDATA(K,i) =CCD)ATA(KI,I)-ADSL,(I)*T-ADJ(J)
C***INTEGkATE FLOCK~ OF DATA

CALL AM31NM(D1ANGL,F,LS)

C***IF 01' I-AST H~LuC1\,STORF ZEPO IN RFMATNER
IF(IBLKL,TFFBL(2)) GO TU 60

IFC(1Ob.G7,3b) Gb TO 60
DO) 50 JLLDS.3)
rDO 50 1=1,4

50
C***CONVER3 ANGLLS F1<Dtr, RADIANS TO DEGRES
60 UO 6~ J=5,36

O ;1=1,4
65 y(j,1)=y(j,1)*kAcEG
C***WVITF IINTFGRATED bI.OCS TO DISC FILES AtD INDEX BLOCK

C***IF ON LAST BLOCPK,REDUCE. LS TO LAST WOJRD + 4
IF(IObLK.Ew~.I~kiL(2)) LS=(KENOC2)/4)+4

C4*4'TEST FOR ENDi OFr UATA
1F(1BLK.GT*IF6'L(2)) GO TO 80

C***hWLSLT APHAY5 61TH 1NITAL CONDITIONS FOR~ NEXT DATA BLOCK
DC 70 1=1,4
00 70 J=1,4

Y(J,7I)=Y(+32 ,I)AF

70 CODATA(J,I)=CODAI A(J+32,I)
GO TO 20

C***CLOSE ALL OPEN FILLS
go CALL CLOSF(9)

CALL CLDSE(12)
C***CnMPUTF LAST WORD I14TFGkATED AND LAST BLOCK( WRITTEN TO rISC

K F.ND(2)=CL S 4) #4

C***WPITE 014 1FMNiS(E. INFflRMATION ON JNTLGRATE) VATA
WRITE(IOD,2020) IP(2),ISUR(2),IHOS(2),I1131(2) ,IPOST

2020 FORMAT(lH ,'kECORr) NLJ:',13,5X,0SUbJECT SL$:',13,SX,
1 'HOSP NUP:',16,SX,'TEST NUP:1,13,SX ,'PCSITIDN',I3)

WRITE(IOD,2090) ISbL(2) ,IFF3LC2) ,KEND(2)
ORITE(JOD,2i 00) THETAl ,PHII ,BETAI

2100 FORMAT(th 5X,-INITIAL ANrLES:';3(2x,Gi2,5))

WP)jE(IDv,20b0) (AD5L(I) .1:1,3)
2060 VoKMAT(3X,' SLOPES:0,3(X,G14,7))
C***IF DATA LOOKS GOUD)--STOUh. INDEX INFO AND CARRY ON
D WRlTE(Iuu,2030)
2030 FORMAT(1OXODDOES IT LOOK OK? (YES/NO)')
o RFAD(itb, 1 0lO) IX--a
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D IF(1Y.NE.IIES) STOP 'INTEGRAIIUIJ ABORTED'
C***SET PRINTED OUTPUT FLAG

lYI=TYES !SET TO ALWAYS PRINT
IF(JY1.AJL.IYES) Gf) TO 100
wP7RTL(8,2Ci70)

2070 tORPMAT(IH ,19X,1PO'TATIQN ANCLF INTEGRATION COMPLETED ONv'/)

0,P7TF(8,2090) l5bb(2) ,IFBL(2) ,KE1lrP(2)
Vhrj'IF(1H,2100) ~THiTAI ,PHIIBETA I

2090 F'CGkPATC~i ,'ItIT1AL bL0CK:',14,2X,'FIf.AL BLOCK:',14,2X,
1 'L.AST' v%1itW:',T4)

v'PITE(8,2CibO) (ADU(I) 1=1 ,3)

100 CP Li C1 bSE( I-
CALL1 VEXII

SUBPr1UT114F Ul1ANGL(LY,LUY)
C***TP1S SUVROUaI;-sE COI.TAI-N. 'THF DIFFEHENT]AL FOUATIONS
C*** W'4TCt IFFTP'E Tflf S0I.t!TTP'. 7C THF Rf IATIJOA LE

C**tH~7APHIA110 6r~. 7JH TA ==APPPY P(1S (-,1),

C(',A-t!. Y (37,4) , IY C36~, 4) ,Cfl?tTA(3b ,4)

SPH=1 P. ( Y (LY , 2)

SR'J=S1N(Y(Li,3) )
Cl4T=SOPT( I. VwS iT*561i
LIY(LDY,)=1PH*(SV 4*C('rATA(LI)Y,I)4CT'h*COO)ATA(LDY,3))4CflDATA(LD)Y,2)
VY (!PY , 2 ) CTI:*Ct-:ATA (LY , I) .STHsCnoriTP(LOY 3)
T)(1.!Y,3)=UTH*CPAP(LY,)+CTH*rOuAIA(Lny,3))/CPH
Wi7 'Ilk?



C*** PRnGFA4 FILANG
C*** THIS Pkrj(kAM FILTEPS DATA IN SY:ANCLFS.DAT USTNG A14 6TH ORDF-k
C***RECIJRSIVE MtiTr~kw(oRTIP FTLIER. THE. FiLIEPED DATA IS STORED IN~
C**DISC EILF SY:NE .Ar'G.VA'I.

C*** ~TASK BUILD AS FILANG=FILANG,BNDPAS4,JJF4PUIS/L,5
C**U'ITS:11 MAXBUF=512

DIMENSION RFLAT(32,1),SIDATA(2000) ,IPOS(3) ,IR(3) ,ISUR(3)
DIMENSIUlo IHOS(3),IT'ST(3),IS-BL,(3),IFBL,(3),KEND(3) ,TSAPAP(3)
COMMO% /ASV/IF15,7fl9,1F25
DATA 1YFS/'YE'/
CALL ASSI(?j(U, 'SY:PRNTIT.I.STp1',1f,)
CALL FDbSET(B,'APPEND')
IKB=S

C***WRITE PROGRAM TITLE OP TERMINAL SCREEN
WRITE(IOI),20O0)

2000 F0PlAAT(20X,'ANGI-ES FILTERING')
IpflST~l !SET POSITION 1 ONLY

C***ASSIGN AND DEFItVE INPUT FILE
CALL ASSIGN(9,'SY:A?,(GLFS.DAT;1 '46)
[AEFINF FILL 9(65,756,U,IT'15)
CALL FOMHSEI(9,'k.EADnNLY')

C***ASSIGN AND) OLFIIN. 0117PUT FILE
CA!!I. ASSIGI.(10,'SY:NEI'ANG.PAT;1',16)
DEFiNE FILE 10(65,256,11,IF25)
CALL~ VDPFT(1f,'NFW')

C***RFA' POINTER TNL'EX FILPf

PFFJNP FILE 11(1,30,U,1F19)
CAIL PDbSV'f(1I,'PVArPOLY')
RFAD(11 IPUST) TPOS, IF, SIR, IHOS, ITT, SL, IFl, KEN3,SAM~P
CALL CLOSECI 1)

C***F?;TF.1 LFIWFP Arr) IJPPER hANDPASS Fkf.OUFiNO]VS
FC1=0.50 !LOWER SET TO 0.50 HZ
FC2=lO.L !UPPvk SET Tn lt)& Liz

C***SET IFITIAI INDEX VPLUES
IbtirlSbL( 2)
LS=32

FS=1000.0/1SAkP(2)
11=1

C***LCUAD ALI, SAr'PLES,. VF ANL~(,)INTO SIPATA
10 READ(9'ILbK) (VATI,),14DI ,)
Cit *
C*s**O) FIF 'ST PASS, L~OAD iUkFYLTFREV) ANGLES INTO FIL. 10

IPLK=IbLK. 1
DO 20' Kfi=l,IS

20 SIDATA(IN'U)=RF'LAT(KP ,II)
TF(IHI,K.LO.IFkL(2)) LS=K!ND(7)/4
IF(IIBLVGTIFBL(2)) GO TO 4n
GO TO 10

C***INCRFR ENT ARRAY POSITION AND IF LAST POSTION FILTERED EXIT LOnP
30 1ILIl,1
C*** NOTE:DO NOT FILTER APRAY POSITION 4

IF(IIGT,3) GO TO 90
C***FILTEP ONE ARRAY POSITION OF DATA(STUPED IN SIDATA)
40 CALL B~'PAS(SIDATA,LI,0,FC1,FC2,FS)
C***RFSET SJ,nC' AND WORn INnEXES
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LS=32
C***HFLjOAD PFVLA1 TU REPLACE FILTERED ARRAY POSITION AND TO
C***LOAI) SIPATA aITH N~EXT ARRAY POSITION TO BF FILTFRED

ID Ohl K= I f3Lai(

DO 60 X 3=1,LS
ID=(IOE&LK-1SHL(2) )*32+KB

C***LOAD FrI1TREI) LATA J'kTO FFJAT
RFLAT(KB I I)=SIr)ATA(IND)
IF(II.GE.4) GO TO 60

C***bOAD NEXT ARRAY POSITION TO BF FILTERED INTL SIDATA
SI DAT A (INP) =R FLAT (Kk,II+ 1)

60 CONTINUJE
C***WRITE FILTERED DATA TO DISC FILE

C***IF ON LAST FJLOCK,PED11CE LS 10 [LAST vORD
IFCJBLK.E0.IFR[,(2)) LS=KEND(2)/4

C***TEST FOR ENO OF I-JPUT DATA
IF(IBLK.GT.IFRL(2)) 'rO TO 30
GO TO 50

C***CLDISE OPEN FILES
90 CALL CLOSE(9

CALL CLOSE0l0)
C***WRITE ADJUSTMENT INFO ON TERMINAL SCPEFN

WPITE(100,2030)
2030 FORM'AT(l0X,'ANGLES FILTERING COMPLETED ON:')

2060 FORA4AT(H ,'kFCORn) "ULM:',13,5X,1StjbJECT NIM:p,3,5X,
I 'HOSP NUMz',I.5,5XTFST NUM:-,13,5X,1POSITION:1,I4)

WRITE(IOD,2070) FC1,FC2
2070 F0PMAT(1OX,'bANnPASS FFEQlENCIES:',F9.2,' TO-,F9.7,' HZ')

wPITFA(IOD,2110) ISEBL(2) ,IOPaLK,KENDR,L0T
C***SFT PRINTE) OUTPUT FLAr,

IYI=IYFS !SET TO ALWAYS PR1NT
IF(1Y1.NE.IYE5) GO TO 10n
%R1TFMH,2030)

WPITEC8i,207P) FCl,FC2
WRITF(8,110) ISI3LC2) ,IOBLK.KFNDF,L0T

2110 PORMATO4 ,'FIkST PrlOCK~e1,I4,2X,*LAST PLOCK:,14,2X,
1 -'LAST 00kD:',14,2X,-Nb4. OF SAMP[ES:1,I4)

100 CALL CLOSK(R
CALL FXIT
F NO



C*** PHII(PAM CO'rkAN
C*** 1.415 PROGRAM4 PR4ODUCES THE DHRLCTIVN COSINE MATRIX:

C** CT(-,I) CT(-,2) CT(-,3)

C*** C7(-,4) CI(-,5) T-6
C** CT(-,7) CT(-,B) CT(-,9)

C***t'SING, THE ANGLES STORFI) 1IN SY:NEWANG.[AT. THE MATRIX IS STOR~ED
C*** IN SY:COPTRX.L)AT.
C* **

C*** TASK RUIID AS: COTPAN=CTRAN,,IJF4POTS/L8
C** JN[75j12 MAXBUF=S12

COPM PFN /ASV/IF16, F24, 1F19
VINENSInN SIATS(6,le-),CT(1"0,10) ,AMGL(32,4),IPOS(3),IR(3)

VIMENSIONv TSAPP(3) ,ATJ(3)
T)ATA IYES/'YE'/ , NC/'NU'/
CALL ASSIGN(8, 'SY!PfdITIT.1LST;I1',16)
CAt.L FDBSET(I8,'APPFrlD')
IKA=5
IOlh=s

C*** %R1TE PpflGRAMi TITLE ON TEI4TINAL SCREEN
WRTTE( IfI,200(')

2000 IPMP AT(20X,T-A*8FPM ATION MATkIX COP'PUIATION')
IP05T~l !SET POSITION4 I ONLY

C***ASSIGNl AND DEVI,,*E OJUTPUT FILL
CALL ASSIGI.C9,'5Y:C 'ITRX.iJAT;1 ', 16)
DEFINE FILK 9(170,240,U,1F16)
CALL FDbSIWT(9,'*NEW')

C***REAr) POINTEF- ll UEX FILL.
CALL ASSIGN( I', 'SY: INPIACC.DAT; 1',16)
DEFIEF FILE 10(1,30,U,1F'19)
RFADU1O'ItjST) IPUS,IRISUB,IHDSITST,ISBL, IFbT,,,KEN-D,TStMP
CALL CLOSE(10)

C***SET INITIAL INDEX VALHES
1'iLK1ISBL(2) !INPUT FL.OCK INDEX
IO0iLKzl !nUTFUlT BLOCK INDEX
1F(IPOST.Eu~.2) IOBLN=I~ibbK+170
IF'(IP0ST.(.j.3) IOBLK=IOEBL1'340
ISEL(3)=I~bLK
KCHI(:O !CYCLE INDFX

510I= !TEST TO DETECT DISC WRITF
LS=32 1SAMPIES PER~ INPUT J.,OCE.

H=TSAMP (3) / ov0
IT7.=IYPS

kADPr,=57.*295779b)
C***AbSIGN AND DEFI?. I"jPI;T FILE

CA1.L ASSICN(11,'SY:NEA.ANG.DAT;1',16)
DFFINE FILE' 11(th5,256,U,IF24)
CALI, FDfMSET(11,oPrADDNLY-)

C***PFACD FSTCK OF INPLIT 1'ATA AND INDEx BLOCK AND CYCLE
40 PFAD(I1'IHLt.) ((ANGL(VI,I)0I=1,4),YV13 LS)

IS[,K=IbLiK+
KSTP=KCHK*32
KC4KKCHKI+1

C***CnNVERT A?'GlES FkhOPP UEGREES TO RADIANS
n0 50 J=1.LS
Dr 50 1=3,4

50 ANGL(Jol)=ANGL(J,I)/RAD)EG
C***CDMPUTE AND STOPF TRANSFORMATION MATRIX

DO 80 l 1,1LS
KIS=YI+KSTP

C***COMPUTE TRI(, FU CTON VALUES
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SPH=SD, (A NGL ( ,)
SPT=S 1 ' C At,"" I(K 1, 3)
C'H=Skf'J (I. n-52'S3
CPH=50PT (I. (-,HS~

C***LOAV M'ATRIX
CT( 7S,J)=CrH*Cf'.TbH*SPH*SFT
CT (KTS ,2 )=CPH*SBT
CT(KIS,3)=-STHi*CF4+C7H*bPH*5tJ7
CT (K IS , A) =-CT H * SVT +FI'H *SPH~* CR T
CTC IS ,5)CPH*CRT
CT(KI3,t)zsr*SFI+CTH*SH*C'iT
CT(K IS, 7)=STr*CFPH

C 'f(KlIS, 9) CTH P H

60 ~CT(). IS, 10) =(. (
C***IF LAST INPUT bilOCK VibS PEEN REAb--EXIT boof'1 HERE

I~fRLKGr.FHL2))GO TO0140
C**$IF 3 CYCIrEE CCOMPLTFPr, S!-T FOR 8 OUJTPUI BrLOCKS--b.XIT
C*** TO vPITE TO UISC rFCTICN

Ir(KCH -*GL.3) Gn TO 360
C***IF ON LAST INPUI BLOCK,PR:bUCE LS '10 LAST Dvl0
130) IF(JPLK.LT.IF~HL(2)) GC~ TO 40

GO TO, 4A
C***LjUlPf7T TEST SF'CTION--L'SvP ON LAST INPUT BUCCK ONJLY
C***DjFRtjN TK v HJCH UUTF-UT PLUCK LS 0CCUhS
140 uCS1+l,s+KsTp

I l.i. T.P9) C j T C) 29f)
IF(1,nS.GT.77) GC() TV~ 270
IV(LbOS.G1.65) GO TO 2 50(
IF(1OS.GT.53) Cn TO 730

IF(I.US.GT.41) G F T ( 210
IF(LOS.CGT.29) 'r3 TV lQ0
IF(LOS.CT.17) Gn TU 17Q
IFCLOS.FU. 17) ITZII140
LU3SF~1 6

GO TO 3120

170 IF(LOS.EO.29) ITZIlNO
bOSF=2P

GO Tn 320
190 1 F CLOSF. ~41 ) ITZ=TP0

LUSF=40
TO NU H:3
GO TO 32u

210 IF(IOS.ELQ.53) 11 Z=1 NO
I.Osf,=52
10 N J k=4
GO TO 320

230 TV(LOS.E0.b5.) IT7.=INr)
LOSF=64

IONUM:'5
GO TO 370

250 TF(r,0S.kEO.77) lTZIlo
LCUSF'7t,
IC N UM=6
GV TO 320

27nl IFR1OS.,U,89) ]TZINtO
LCSF=@k

10N11m=7
GO TO 320

290 lF(L0SE0.1(il) IT7,uIND
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C**** ITE ZERU wNri P VANPEk' OF LAST nilTPI'T BLOCK
320 IV(ITZ.E0.If4O) GO 10 360

DO3 340 KI=LriS,LOSF
DO 340 1=1,10

340 CT(IT,I)=0.0
I TZ=IYF'S

C***WPITE OUTPUT PLIVCKS ONTO DISC
360 N IOl

VO 380 J~l, 1ONUM
VIIF=K1I

IOB!,K=IOFLi.+l
380 KIO=KIO.12
C***RESFT CYCLE INL)FE) AV'D S;T DISC WRITE TEST INDEX

KTST~1
KCH 0
IF(IBTP.uF.IFII,(2)) 6O TO 130

C***CLOSFE ALL. npEN FILES
CALL CLOSE(9)
CAL!, CbCSII.)

C**CD'MPLTF L~AST wORD AND LAST FLPnCV WRITTEN ID DISC

C***WP1TF Of TERMINAL, SCPEFN -SCP.EFN 1?FORMA3ICN ON C0'mPUTkf) KAT~-1x
'*RITE(161),2030) IR(3),ISUB(3),Tf4OS(3),ITSJ'(3) ,TPL)ST

203r. FnRPMAT(JH VtkECHD jA:',13,-5X,'StlAJhCT NIJM:',I3,5X,
1 '80SF NUP :1,76,5Y,'TEST NUM:l,13,5Y,'PCSITION: ',I3)

WRITF(IOD,2690) XSHL(2) ,IFBL(2) ,IEND(2)

WPJTE(100, 2060) LOT
2060 FORMAT1- ,5X,'NUmRFR CF SAMPLES:',16)
C***Ir DAIA I-OOKS VIrOD--CARRY ON
D WRITE(TL)[,,2050)
2650 FOPv-AT(10Y,'DL)0L IT LCO< OK? (YES/JVO)')
D REAV(1I\M,1010) IY
D IF(IY.NE.TYFS) STOP 'MATRIX COMPUlAlION ABORTED'
C***RITF TNO)FY INFflpMATIflN TO DATA FILF

CALL ASSIr:N(12,'SY:INL'rACC.DAT; ',1et)
DF:FINE FILE 12(1,30,LU,IF19)
CALlr FrbSEf(12,ln,ti')
WPITECI2'IPGST) IPUIS,IR,1SUP,IHOS,ITSI ,ISi3L,IIBL,KEND,TSAmP
CAL! CLOSV (12)

C***SE-T PRINTUr) OUJTPUT F LAG
IYI=]yFs !SET TO ALWAYS PwINT
IF(IYI.?;E.IYFEq) GO TtU 400
WRITE (8,2(71)

2070 FnRMAT(IH ,19X,-TFANSF(IRMATION WATkIX CUPPUTFD) FOP-'/)
WkIl E(8,203(') IP(3),ISUji(3) ,IHOS(3) ,!TST(3) ,TPOST
WRITF(F,?0)90) lSRT,(3),IFBL,(3) ,KENV(3)

20qn FORMATMlt ,'INITIAL BlOCW:',I4,2X,-FINAI HL,OCIK:',J4,2x,
1 'LAST wrR[:',T4) #

400 CALL Cl~r]SF(P)
CALL FXIT

F 14 A)
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C*** PPlGRAP CU'ACCI,
C*** IHIS Ppr1GRAM USES L;ATA FPOM SY:C0DATFB.DAl AND
C***SY:CLPTkX.DAT TO COP'JTF THE 1N[LRTIAL ACCLEVkATION
C***OF THE ACCE1,KRumETLR PLATFORM OR~IGIN. THE
C***ACCFLFPAI~TON ARRAY IS RELATED TO THF. INERTIAL, AXES BY:

C*** R2D0T(-pI)=ACCKL-FHATIOPJ IN THE + X DIRFCTION
C*** h2lDOl(-,2)ACCF:LERATI0v IN THE + Y DIRECTION
C*** v2DOT(-,3)=ACCFLFRATTON IN THE + Z DIPECTION
C*** R2D0T(-,4)=ZER0

C***THI6 OP.RAY IS STOPEO IN DISC FILE SY:OPGACC.DAT.
C** *
C***TASK BUILP AS: CUACCL:COACCL,t?1,1jF4P1lTS/LB

C*** UNT1T512 FAAXbUF=512
V1m&NSivN rTA(9b,8),CTIJ(9!6,I0) ,P2D0T(96,4),ASLJM(3) ,IPOS(3)
)TkE NSICN 1R(3),ISl!PA(3),IHOS(3),ITST(3),ISsI,(3),IvtiL(3)
1U'4PNSION IKENU)(3) ,T6APP(3) ,ADJ(3)

VATA iYP7S/ 'YF'/, I1-O/'N0'/
CALl. ASSIGN(b,'SY:PRt'T]T.LSI';1 ,lb)
CALL, F0LiST(8,'APPFND-)

7KP=5

C***WFITE PPOGRAM TITLE 014 TERMINAL SCREEN I
V.PITF( TODD 2(00)

2000 FflnReA(20X,'CGMPIITE ORIGIN ACCEIEFAIlUN-)

C***ASSIG : ANDT DEIN INU I

CALL ASSIGN(9,'SY:CDAT!b.tATrl ,I&)
DEFINE: VILE 9C130,2-,C,u,TF17)
CALL FPB6ET(9,-RFAvnNLY-)
CAL!, ASSI;-N(10, 'SY:CC'MTPX.D)AT;1' ,16)
DEFINF FILK 10(170,240,U,IF16)
CALL FDbiST(10,'READONLY')

C***READ) INDEX FILE
CALL ASSIGN~lI ,'SY:INDACC.DAT;1',16)

CALL FDkbSET(11,'RFAOD0NLY')
READ(ii IPOST) IPDS,IP,ISU1B,IHOS,ITST,IS8LJDIFBL,KEND,TSAMP
CALL CLDSFCIl)

C***SET IVPuT7 IWOF XFS
KIF=16 !%PtbFk OF INPUT SAMPLES PFR BL.OCK

ILF= !NTIP~BER OF INPUT APRAY POSITIONS
C***FtN1EH UFFSF*T6

D 10 1=1,3
10 AJT)n(
D i"RTTF(IOUD,2010)
2010 FOR"AT(lOX,'EkTFR ACC OFFSFTS--1,2,3')

1050 FOPmAT(3F15,7)
C***OPV OUTPUT DATA FILE

CALL1 ASSI(GNt(12,"SY:1PGACC.flAT;1 ',16)
DFFINE. FILE 12(f,5,2'56,U,IF21)
CALL! FrEASET(17,'NFW')

C***INITIAL1ZF INrEXING VARIAPTJES
IHLK:ISEbL(1) !INPUT DATA BLOCK INDEX
10PTK=I5hL(2) !OUTPUJT PLOCK INDEX
I[P~L!T=IST(3) ![ODTHD TPANS MAIRIX B!.flCK INDEX

1 S= IF !INPUT DATA SAMPLES PER BLOCK
LS0=1 !flHC TRANS MATRIX.SAMPLES PER BLOCK

C***READ INP11T DATA AND iNDEX PIK NI'"
C***PEAO SUFFICIENI BLOCK'S T10 FILL, 96 SAM~PLE ARtRAY



50n ~ ISF=hIS+ 's- I

1F3L' IRLK4I
KIS=KIS+LS

C***IF* ON LAST f)LOC OF lKPIIT,PREDUC LS TO LAST WUHI)
IV(TI8LK.E0.IFFL(1 )) LS=Kl~thD(1)/ILF

C***TFST FOPF EN'D Of INPr'T DATA
IF(IRLK.GT.IFk[.(1)) GO TO) 70
IO Up 0 m= I PN U tA+ I

C***TEST TF DATA AkkAY CONTAIN'S 9t, SAMPLES
IF(IDNUlM.GTl.INUNv) GO Tr! 70
GO 70o SO

C***RFAD IN IkNSF(1PMAIJON MATRIX AND IN.DFX BLOCK
70 I7NI~mI

j( JST=I
so KISTF=IIST+I,Sfi-j

FFA((1'IOBI '() ((C'JIN(KI,),I1,10), K:K1SISTF)

PI ST=KI5r.l,so
C***IF ON 1lAS7 bLnCK,PEI'UCk. LSD 7TO LAST WC1H0)

IF(InFjKT.F(U.]FrL(3) ) LSLo=K*NL(3)/IC'
C***TEST FOP FNO (OF T (AtS MATRIX PATA

IF(IOE4.KT.G.]F~iL(3)) CfO TO 100
ITNT'm=ITr40M* I

C***TFST IF MAlr(1Y AH'LAY COfPTAINS 96 ISAMPI FS
1F(ITN(P6".,T.b) GO IC0 100

100 tdFL,V= I FLK-KLI4N J PIOCKS REAL) THIS LOOP
NSA"=NRlK*hIF !NUk SAMPLES THIS LOOP

C***IF WRITING LAST 6LOCKS TH9N ADJUST VV'v SAkPLES
IF(TPLK.GlT.JFL,(1) ) NSAm=(NRLK-l)*KIF.S

C***COMPIJTE: pL.ATFnRm ORTGINi IKVRTI.AL ACCEFTFPAIIQN
DO 120 IA:1,NSA'

ASU! '(2)=(rDATA(KAp6).rATA(KA,7))*OS
ASUv(3)=DATA (KA, 8)
P2DOT(KA,1)=CTI!(KA,1)$ASJm(1)+CT]3I(KA,2)*ASUm(2)

I +CTTN(IA ,3) *A5JM (3)-ArJ (1)
R200'T(KA,7)=CT1P,(KA,4)*AsUMCi l)+rTIP,(KA,5)*ASUm(2)
1 +07 N(KA ,6)*ASUv(3)-APJ7(2)
H2DflT(KA,3)=CTIN(KA,7)*AS.1M(1).OT]N'cKA 1b)*ASUM(2)
I +CTIN(KA,9)*ASfJm(3)+1 .f-AIXI,,(3)

120 P200T(KA,4)=U.0
C***DF.TFF0'TNF- NllMf*4Ei OF O11lPOT BLOlCK'S AN1I'rFET INvDFXFS

IF(NSA4,GT.,64) GOl TO 160
IF(NSAM.G.32) GO TO 140l
TF(NSAM.Eg.32) ITZ.INO
LOiSF12
ICINIIM1l
GO TO 1A0

140 IF'(NSAM.LQ~b4) TTZ=IN(1
LnSF=b4
ION Um2
GO TO JPO

160 IF'UNSAM.FQ,9b) IT7=TNn
LOS F=Cib
IriNt U

C***IF NFCFSSAPY, -4RITF ZE~r IN RFMAINVFP flP LAST OIJTPUT BLOCK
IRO IF(ITZ.Fu.INO) r0 TO 720

DfO 20n NAzNSAM+,,OSF'
PO 200 1=1,4

200 W2DOT(KAI)3=0.O
C***WRITE OUTPUT TO DISC________
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221?0 KI O=I
DO 240 Jd1.IfJUw
KI Fe=K]0(+31

240 i4KIOKI+32
7TZ=IIxES
IF(fl~lK.LEe.IF.FL(l)) GO TO 40

C***CT,USF Alt OPE14 FILES
CA11.1 CLOSE(9)
CALL CLUSE(10)
CAUL CLOSE(12)

C***C0VPUTE WOU POINTEP FOR LAST OUTPUT BLOCK
KENDP=4*(NSAM-(ILoNUW-1)*32)
Il P LK1(1 B LFK-1

C***WkITE flN TFNk'1NAL SCEFEN ACCELJERATION IN'FOPMATION
Wk] TE(IOJD ,2140)

2070 FOHRATC1ZH 1'kEConD NUP,:1,13,5X,'SUbJFCT NUP:',13,SX,
I 'HOSP rNUP':',Ib,5X,T EST Nl1M:',73,'9X, 'Pn.ITIoN:',I3)

lPITE(Ifl),20kn)
20RO FOnt0AT(7X,'INITIAL RLOCK,2X,'FINAL BLOCK',2X,'FINAL WORrn')

2090 VnR AT(IH ,'DtTA' ,6X,I4,9X ,I4,QX,I4)
WRITE(IUO,2100) lSKL(2) , IRLK ,'F:NflR

2100 FORmAT(IH 'RbT',4Y,14,9X,14,9),14)
WFRITF(IQ0,2110) TSAMP(I)

2110 F0Pk.AT(2X,'SAmPLE TIME: -,FS.1,' (MSF.CS)')
WPITECID.2120) LOT

2120 FORPATMX'NUMBEP OF SAMlPLES:',I4/)

2030 FGPP'ATCIH *'DATA ArxUSTE0 UlSYNG(,2,3):'v3(2X,G14.7))
C***SF'I PPINTFPf OUTPUT FLAG

Jyl :IYFS !SFT TO ALWAYS PRINT
IF(IYl.NL.IYES) Go TO 300
WPITE(P,2140)

214n F0RMAT('1'.19X,'OH1C.JN ACCELFRATION COMPUTED) FOP')

2160 FnplMAT(lh -'INITTAL hLOCK:',14,2X,'FTNA, BLOCK:',14,2X,
1 'L.AST hflRD:',14)

0 WPTTF(N,2030) (Ano~vC),1=1,3)
300 CALL CI.US5(P)

CAT-1, EXIT
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C*** PkUC.RA" V11 ACC
C*** THIS PRflGPAM FILTFRS DATA IN SY:VIRGACC.rPAT USING AN STH ORDER
C***HFCIJP.SIVF IkUTT~k'ovRTH FTTER. 7HVE DATA IN SY:uDc.ACC.flAT IS
C***PFPLACFD E5Y TPE FILTERErj DATA.

C*** TASK RUILL AS: FILACC=ZVI!,ACCHNPPAS,L1,1]F4POTS/LB
C**lt. ITSzI 0 MAXBUF512

DIMENSIoN COD)ATA(32,4) .SIDATA(2000) ,IFOS6(3) ,IP(3) ,ISUH(3)
DIN'E"ISION iHOns(3),ITST(3),ISBL(3) ,IFH L(3),E'L'(3),TSA"P(3)
COPMON /ASV/1E2?,1V'19
DATA JYFS/'YFE'/
CALL ASSI(rN( B,'SY:PPN IT.LSi;1',1b)
CALL FT~hSET(8,'APPFNV')
IKR=5
I OV=5

C***WPITF PROGRAM TITLE ON TFPMINAL SCREEN
WRITEC TOD, 2000)

2000 FnPMAT(2UX,'OPIGIN ACCELERATION FILTERING')
IPOSTI1 !SET POSITION I ONLY

C***ASSI(GP. AND) DEFINE I tvPill /OUTPUI FILE
CALL ASSIGN(9,'SY:RGACC.D)AT; 1',16)
DFINE FILE 9(65,256,U,IF22)
CAL!. FPHSF:T(9,'fLP')

C***RFAP POINTik INDEY WILE:
CALL ASSIGi4(10, 'SYIN0A(C AT;I ',16) 4

DE FINE El-k 10J(1,30,U,1F19)
CALL FDf3SFT(1,vpEAD)O%,1y')
REAP( 10IPOST) I"nS,1H ,IStIB, 1HOS,IIST, ISBL,IFIBL,KFKP),TSAMP
CA., rLUSV(1v)

C***ENTFP LOWER AND UPP~k H3AtDPASS FPFRE'NCIES
FCIO=0.50 !LOWER SET TO 0.50 HZ
FC2=10.0 !UPPER SEI TO 10.0 HZ

C***SET IlkITTAL ifJDX VtLVES
I t L K I Siib(2)
1,S=32 4

FS=1O0,O/TSAMP(2)
11=1

C***LOAP) ALT. SAM~PLES OIF CODATA(-,I) INTO SIVATA

DO 20 VYsm II S
I NTr0(THLK-ISki,(2)-)*32KF,

20 SIDATA(INP)=C~rATA(IsF,I1)
IF(IHIK.Eu.JFPL(2)) 1,SKEND(2)/4
IF(TTK.GT.IFHL(2)) GO TO 40
C.U TO 10

C***INCRFUENT ARWAY PflS7TIOl AND) IF LAST poSTInNP FILTEE EXIT LO0OP
30 11=11+i

IF(1I.M'.3) Gn TO 90
CS**FIlIllv ONF AWqllAY POSITION OF DATA(STORFD IN SIDATA)
40 CALI HNPPAS(SIDAlA,t0T,FC1,FC2,FS)
C***RFSFT BLOCK AND WORD TNr-FYFS

IB1,k=ISHL( 2)
LS=37

C***RELnAD) CflDATA 10 kEPLACF FILTEPFD ARRAY PnSITION AND TO
C***LOrAD SIDATA wIH 1'EXT ADPAY POSITION TO RF FILTERED
5n RFAT)(9'IMLN) ((COrATACEI,I),I:1,4),KI=I,LS)

TOR1,K=I HLk
IRK X=IRLK4 1
DO 6p 98=1,LS
1NDu(In8LK-ISRL,(2) )*32tKB
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CfloATA(Kb,II)=SIuATA(IND)
IF(TT.GF.4) Gn, TO bO

C***LOAD NEXT ARRAY PUS)TIUV TO BE FILTEPFD IN~TO SIDATA
STDATA(lND)=CODATA(KB,II+1 )

60 CONTINUE
C***WR1TE FILTERED DATA TO VISC FILE.

WRITE(9'1OBLK) ((CO)AT'A(KI, ) ,1=1 14) ,IlII,LS)
C***IF ON LAST FLOCK,RFnUCL LS TO LAST WORD

1F(IPLK.EQ.IFbL(2)) I S=KEND(2)/4
C***TFSI FOFk EP OF IPUIT DATt

IFEIBL .(GT.1FIL(2)) GO 10 30
GO TO 50

C***CLOSE OPE~N FILE
90 CALL. CLOSFC9)
C***WRITE AflJUSTMEWF INFO OFY TERMINAL SCPFEN

WkHIT F ( I D,203 0)
2030 FnRmAT(l0X,'0PIGIN ACCELERATION FILIERING COMPLETED ON:')

2060 FORM,4T(IH ,'RFC(On NIM: 1,13,5X, *SUBJECT NllM:l,13v5X,
I 'HOSP KUM:',16,SX, 'TEST NUM: 1,13,5X 'POSITION: ', 14)

WkITE(IOD,id070) FCI,FC2
2070 FOPVAT(lOX,'IbANoPASS FRF0L1F CIES:',F9.2, TO',F9.2,' HZ')

C***SET PRINTED OUTPUT FLAG
I1 1=IYES !SET TO ALWAYS PRINT
IF(IyI.NE.IyES) GO TOl 100
WR!.IT E (b, 20 3 )

WlITF.(8,2O70) FC1,FC2
WkITE(9,2 10) ISbr.(2) ,lOBrLK,KENr)R,LOT

2110 FnPMAT(IH ,'FIRST BLOCK(:',14,2X, 'LAST SLOCK:1,I4,2X,
I 'lAST WfH:',14,2X,'NiiM. OF SAMPLES:',14)

100 CALL CJDSF.(P)
CALL EXII
ENO



C***P~ROGRAM KkEAN
C*** THIS PPOGRAM CU'mPUl'ES IHF kEAN VALUJES OF THE ACCELERATIONS
C***STORED) IN SY:0k(AC:C.[LAT. THE COMPUTED) MFANS ARE STORED IN ARRAY
C***S4FAfu(2,-) wHICw i In~ LODDiwTo SY:.ST0F:AW.DAT.

C*410 TASK~ i-kTLn AS: ACMFrANACA',t1,l)F4POTS/Ll3
C**UNITS:11 ),AXblf=512

DIMFNSIGN CObAIA(32,8) ,ASTP(8) 1PfS( 3) ,1H(3) ,ISUB(3),
1 IIST(3),ISL31 (3),IFkl.(3),KENr"(3),TSAIMP(3),.SME-AN(3,3),Itinsc3)

CflMMON /ASV/15,IF19,IF31
DATA IYES/'YE'/

CALL. FIf SET(8,'APPPND')

C***WRITE PROGRAM T7ILE ON TEHP4INAI, SCREFN
W~ITE( JUDD 200n)

2000 FO)R'AT(20X,' ACCELERAIION PFAN CONMPUTATJ0N')
1P05T21 !SET FOR POSITIONJ I ONLY
JSTP=2 !MEANS TO 5TMEAN(2,-)

C***ASSIGN AND DEEItli INPUT FILE
CALL AS$ IG149, 'SY:ORGACC.DAT;1 ',16)
VEFINV FILL. 9(65,256,U,1Fl5)
CALLJ Fr-&5SFT(9,'PPADO1NLY')
IFILE=Q
IPL=2

KTL=32
C***READ POIN'TER INDEX FILE

CAit!4 ASSIGN(lO ,'SY:IWDACC.DAT1',16)
DEFINE FILE 1O(J,30,1',TF'19)
CALL VD8SE-7(l0,'E.AVDMLY-)
RF.AD(1 OPIPOSI) IPt S,IR,TSU8B,IHOSITST,ISBLIFBL,KENDTSAMP
CALL CLflSF(lO)

C***SET IN~TTIAL INPFX VAbllFS
IL'J.K~= IS !BL 1P L)
1.S=K I L
LOTcLS*(IFBL(IPL)-ISBL(1PL))+KEND(TPzj/IL

C***ZERn St~mMIV~G TOCATInN.1

1) IASTR(I)=O.O
C***READ sLocr OIF INP(IT DATA AND INUEX BLOC'
V) RFAD(IFILE'IBI.K)((rRT(II):1L)K.,iL

C***COMPUTE %UL OF ALI, SAVI-FS AND STORE-
[10 30 K11I,P1L
1)0 30 1=1,11,

3n ASTk(IW=CnOATA(KI ,I)+ASTR(x)
C***IF ON UAST 9L0CK,kFD.1UCiL5[ Tr) LAST I OPD

C***TEST FOR END nFl INP117 DATA
lF(IRLK.IFHL(IPL)) GO TO 4n
GO TO 70

C***CLOSF OPEN FILE
4n CALL CLOSE(lFILF)
C***COMPUTE MEAN VALUF

rO 50 Tzl,lL
150 AST).(I)zASTP(T)/FLOAT(LOT)
C***WRITF ADJUSTMENT INFO 001 TFRMINAL SCRFEN

WPITE(IOiD,2030) (ASTR(I) .1=1 111)
203() FORMAT(1H ,2X,-MEAN(1 ),C2) ...... ='p4G15,7,/22X,4G15,7)
C***STOPF MFAN DATA IN DISC FILE
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CALL ASSIGN(11 ,'SY:STMEAlN.DAT ',16)
DEFINE FILE 11(1,lfiU,IF31)
CALL FDEbSEI(11,LD)

DO 55 1=1,3
55 -S'EAN(JdSTP,I)=ASTR(T)

CALr CTOSV11)
C***SFT PRINTED OUTPUT FLAG;

IYIWIYFS !SET TO ALWAYS PRINT
IFCIY1.NJE.TYES) GO. TO 80
WRITE (8B,2330)

2330 F0RMAT(15x,'lFlH FiLF SY:ORGACC.DAT-)
70 ikPITF(6,2100) IR(iPL) ,ISUF(1P,) ,IHOS(IPL),ITST(IPL) ,IPOST
210nl FfJR1AT(IH ,'kECORP NU10:*,13,rX,'SlRJE.CT ltJ:V,13,5X,

I 'P-OSP NtJM:',ib,5X,'TFST MllM:',13,5X, 'P0SITION:',I3)
0 WRIE(8,21 10) ISRL(Ir) ,IFBL(PPL),KE'tND(1PIJ),LOT
2110 FORYAT(IH ,'FIRST BLOCK:#,14,2X,-LAST BLOCK:',14,2X,

I 'LAST WORr):',J4,2X,'NUh. OF SAMPLESt',14)

so CALI, C1LOSE(b)
CALL EXIT
FND

Alm-



C*** PpriC.RA'0 APJACC
C** THIS PR<QGkAM ADJUSTS THE DATA IN SY:CRGACC.[)AT BY SUB~TRACTING
C***TME MEAN VALUE ST()kFD IN SY:S ME61ANDA1 * THF DATA IN
C***sy:nkGACC.DAT 1S REPLACED FiY THE ADJUSTED DATA.

C*** TLSK B1IJrLD AS: AL1ACCAJACC,ti,1)F4PfJTS/LP
C**UNITS=12 MAXPUF=512

DIMFNSION CODAIA(32,4) ,SMEAN(3,3)
DIMENSIONh IPOS(3) ,IR(3),ISUB(3),JHOS(3),ITST(3)
DIMFNJSION ISFZ!(3) ,IFBL(3) ,KENP(3) ,TSAPP(3)
COMMON /ASV/1F19,IF?1,1F31
DATA IYFS/'YE'/
CALL ASSIGN(b,'SY:PVNT1T.LST:1',16)
CALL FnBSFT(@,'APPEND')
1KB=5
100=5

C***WRITF PROJGRAM TITLE. UN~ TERMINAL SCREEN
H H IE~£(10D, 20(00)

2000 FDRmAT(20X,'SY:oBC.ACC.DAT ADJIJSTmFNI'l)
IPOST=I !SET FOR POSITION 1 ONLY

C***ENqTER STOPFI) MEAN ARR<AY POlSITION! TO USE
JSTFP=2 !SME-AN(2,-) FOR ORGACC.DAT

C***RFAD POINTER INDE~X FILL
CALL ASSIGN~(9, 'SY :INDACC.DAT; 1',16 )
DE:FTNP FILL 9(1,30,UIF19)
CALL FDSET(9,PEArOWLY-)
Rf"AT)(9IPrJST) IPCS,TR ,ISIB, IHOSJTST,4SBL, IFPL,KEND,TSAMP
rALL CLO(Sf(9)

C***SE2, INITIAL. INDEX VALUFS
!B1,A:ISRL(2) IINPUT BLOCK INDEX

IOBI.~ISB(2) OUTPUT BLOCK INDEX
LS=32
LOT~t,S*(1FbL(2)-ISPL(2) ).KFNv(2)/4
H=TSAP(2)/1000on

C***RFAP MEANS FROM DISC FILE
CALL, ASSIGN(1O. 'SY:STMEAN.DATI10,16)
DEFINE FILE 10(1,18,U,1731)
CALL FDBSET(10,'READONLY-)
HFAD(10'lPOST) ((SMEAN(J,I) ,I1v 3) ,j.1 3)
CALL CLOSF(10)

C***ASSTCf; AND DEFIrVE INPUIT FILE
CALL, ASSIGN( 12, 'SY:t'PGACC.OAT; 1 ,16)
DFFINF FI!E. 12(65,256,U,1F21)
CALL FDbSET(12,'OLD)')

C***RFAVP LnCK OF INPVT DAlI. AND INDEX BLOCK
2(0 PFAD(12'IRL() ((CnDATA(KI,I),I:I,4),KII.LbS)

C***ADJUST PLOCK nF D)ATA F4Y SUBTRACTING lkEAN VALUE
DO 30 KI=I,Lb
DO 30 I=1,3

30 CODATA(KI.I )ZCCOrATA(I(I .1)-S"EAN(JSTR,I)
C***WRITF ADJUSTED BLUCK TO DISC FILES ANr INDEX BLOCK
50 WRITE,(12'IOBLP) ((CODATA(KI,I),IZ1,4),KIZI.32)

IOBLK=IOBLKeI
C***IF ON LAST FLOCK,PEDUCE LS TO LAST 1*0RD

IF(I0BLK.EQ.IFBL(2)) LS=KEND(2)/4
C***TFST FOP END OF DATA

IF(I0ALK.GT.TFb,(7)) GO TO 80
GO TO 20

C**$CLUSF ALL OPFN. FILES
so CALL CT.05EC12)
C***CflmPUTE LAST WOPD AND LAST BLOCK WRITTEN TO DISC

LkhLS*4
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C**WRITF ON TFRMINALj 5CFREE MEAN SUBTRACTION INFORMATION
Wk~ITE(T0D,2070)

2020 FnR -T(IH ,'PEC(IRD NUV:',I3,5X,'SUBJFCT NTM:l,13,5X,
1 'HUSP NUm:',1b,5X, 'TEST NUM:',13,5X,'POSITION:',I3)

WP]TF(IOD,209u) 1Sbl.(2) ,I~TK,LW'
C**&ET PRI2NTED) UUTPUI FLAG

IYI=TYFS !SET TO ALWAYS PRINT
IF(IYI.NE.1YFS) GO TO 100
K RI TE(8~, 2070i)

2070 FORNAT(1H ,19X,-(IPGACC.DAT MEAN ADJOS2PENT COMPLETED ON-)
WP1 E(fl,2O20) IR(?) ,ISUB(2) ,THOS(2) ,ITST(2) ,IPOST

D WvRIT(8,2O90) IS8L.C2) ,IF'RL(2) ,'ErJO(2)
2090 FORMATC1H ,'INITIAL 3lOCK:',I4,2X,'FINAL SLOCK:',14,2X,

I 'TAST WORD:',14)
100 CALL CLUSF(S)

CALT, EXIT
END
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C*** PROGRAM CUHVKL
C*** THIS PROc.FAU TNIEt.M&TFS THE ACCEJJIRUMETFP V)ATA STOkED
C***IN SY:OPGACC'.OAT TQ( PPOrd'CE T HE TPRHE COMPONhENTS OF THE
C***VELOCITY VFCTrOM. 17 STOiPES COMPONENTS =X,2=Y,3=Z AND
C***mEAN SQ. 1W"TEGkATI1W FPROH ON DISC FILE SY:ORGVFL.DAT.

C*** TASK PUILD AS: COPVLH4=CORVEB,AM!3!N,IIkflOT,E1,lJF4PDTS/bB
C*vUNl1S=l1 MAXPUF=512

COMMON Y(37,4) ,VY(3b,4) ,CODATA(36,4)
E-IPENS1014 XPOS(3),IP(3),ISUB(3) ,IHOS(3),ITST(3)
DI1FSION ISBIt(3) ,IFPL(3) ,KEND(3) ,TSAJIP(3)

FXTFRNAL DIFRDriT
DATA IYP:S/'YE'/
CALL ASSIG1'II , 'SY :PRNTITW IiST: I',1 6)
CALL FPbST(8,'APPEh-L')
IFP=5

C***WRITF PROGkAM TiTIL fN TERMAINAL SCREEN
W PI TE ( I fD, 2000)

2000 FOPMAT(2X,Okr.j:1 ACCELJFkATION INTFGPAIION')
IPOST1l !SE7 FOR PUSiTION 1 ONLY

C***ASSIGN AND DEFINE OlIIPII FILE
CALL AS3I(:N(9, 'SY:ORGVEL.DAT;l '46)
DEFINE FILL 9(65,756,U,lF22)
CALL FDlASFT(9,'NEi')

C***REAP POINTER~ INDEX FILE
CALJ ASS-IGN C 10, 'SY :INDACC.DAT; 1',16)
DEFINE FILE 10(1,30,IU,IF19)
CALL FDbSFT(10,'RPFADQNLY')
READ(WI(IPUST) IPOS, IN,ISUA, iHOS ,ITST,ISBL, IF8L,KEND,TSAMP
CALL. CLOSE(IO)

C***SET INITIAL INDEX VALUES
IRLK=I6HLf2) !TNPIIT PLflCK INDEX
IORT.K=IsBb(?) !OUITPU!T BLOCK IN~DEX

C***SET INITIAL VAIP!ES FOR ENTRY INTOl INTFGRATION ROUTINE AM31NM
C***N.B.:ALL VELOCITY COMAPONENTS SEI TO 7KRO

DO 10 T=1,4
DO 10 J=1,4
Y(J,I)=0.0

10 PY(J,I)=0.o
t,.;36 !32 INTFGPATIOON STEPS PLUS 4 INITIAL VALUES
LOT= MS-4)*(I FlJ( 7) -I SFL(2) ) +1FN D(2)/ 4
MzTSAPP(2)/1000.'

C***ASSTGN AND) DEFI? E INPUT F11-E
CALL. ASSIGN(1I ,'SY:OlPGACC.DAT;1',16)
DEFINF FILE 11(6b,256,IJ,1E21)
CALL FPR~S:T(jj,'REAPI'NLY')

C***RFAD BLOfCK (IF INPUI CATA A%-,) INDEX BLCK
20 PEAT)(11'iBLK) ((C0DATACKI,l),1=1 ,4),KI=5,Ls)

IBLh=IBLK+i
C***CONVEPT INPUT T)A A Fpnp' G'S TO CM/SEC/SFC

DO 40 KIz5,1tS
DO 40 1=1,4

40 CODATA(KI,I)CTATACKI,I)*Q81 .19
C***INTFCRATE 14IO00' OF DA7A

CALL Av3JNm(DIPT)O1,H,LS)
C*.,
C***1F ON LAST HLOCK,STOHF 7FERO IN REMAINDFR

IF(01J.KLTIFB,())GO TO 50
LOSs LS+ I

IFCLS.GT)b)GO TO,
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CO 45 JLbOS,36
DO 45 T=1,4
Y(J,I)=0.o

45 DY(J,I)=O.l
C***WRITE INTFGRATED) BLU#CK TO DISC FILES AND INDEX F41OCK

IOBLKIORBLK*1
CV**IF ON LAST BLOCN,kFPL'CE LS TO LAST WORD + 4

IF(IOPLK.FQ.IFbL(2)) I,S(KENjD(2)/4),4
* C***TEST FOR END CF DATA

IF(IOH~LKc.T.IFbL.(2)) GO TO 80
C***RESET ARRAYS WITH4 IN~ITAI. COF)DITIONS FOR NEXT DATA BLOCK

DO 60 1=1,4
DO 60 k71,4
Y (J * I)=Y (+32,1)
DY(J,I)=DY(J+32,I)

60 C0DATA(J,I )CODATA(J+32,I)
Go TO 20

C***CLOSE ALL OPEN FILLS
80 CALL CLOSFCII)

CALL CLOSE(9
C***COMPUTF LAST %ORD IN.TEGRATED ANL) LAST BLOCK WRITTEN TO DISC

Llh(LS-4)*4

C***WHITF OiN TER2MINiAL SCRFF% INTEGRATION INFORMATION
WPITE(TUD,207n)
WR1TE(IOD,2020) lk(2),I1JI5B(2) ,IROS(2),ITST(2),IPOST

2020 FORMAT(11 ,'RECU't) kLP:',13,5X,'SUBJECT NUM':',13,5X,
I 'HOSP hUm: ',16,5Y,lTFST lUm~:',13,5X,'POSITION:l,I3)

WRITE(InD,2090) ISBL(2) ,IFBLKLW
C***SET PRINTED OUJTPUT FLAGj

IYt=IYFS !SET TO ALhAYS PRINT
IF(IYJ.NE.IYEF) GO TO 100
WRITE(b ,2o7n)

2070) FflRkAT(IH ,19X,
I '0n I(IN ACCELERATION INTEGRATION COMPLETED ON')

WRITF(b,2020i) IP(2) ,TSIB(2) ,IROS(2) ,ITS1 (2) ,IPOST
WPITE(8,2090) ISBL(2) ,TFRl.C2) ,KEND(2)

2090 FORMiAT(H ,'INITIAb SLOCK:',14,2X,'FTNAL BLOCK:',14,2X,
I 'LAST WORD:',14)

100 CALL CflnSFP)
CALL EXIT
END

SUPROUIN~E DIfqDOT(tY,l.OY)
C*** THIS SbOUTINE CONTAINS THE DIFFEPENTIAL EQUATIONS
C***WMICH DEFINF THE SOLUTION TO bOTH TH~E ACCELEROMETER
C*$*PLATEORM ORIGIN VFLnCITY AND POSITION,

COMMON Y(37,4) ,PYC36,4) ,CnVATA(36,4)
ry(t.DY ,1 )=cnAlA(L0Y, 1)
DY(LDY,2)aCODATA(LDY ,2)
DYCLDY, 3)=CnDAIA(LDY. 3)
PETUPK
END



C*** PROGRHAM F11AVFL
C*** THIS PPOrRAM ILTE4-S nATA IN Sy:ORC.VFL.DAT USING AN STH ORDER~
C***RECi~kS1VF PUTIE~wORTH F-ILTFR, THE DATA IN SY:ORGvEL,nAlT IS
C***RFP.ACFLU hY THE FILTEREDA DATA.

C*** TASk LAIiLD AS: FILVELL=FItVEL,BNDPAS,E1,1]F4POTS/LB
C*U'NITS=io MAXBUF=512

DIMF.NSION CODATA(32,4),SIDATA(2000) ,IPOS(3) ,IR(3),ISUB(3)
DIYFNSIC.N JIiOS(3) ,ITST(3) ,ISBL(3) ,IFPL(3) ,KEN!)(3) ,TSAMP(3)
COMP'ON /ASV/1F22,1F19
DATA IYES/'YE'/
CALL ASSIGN(R,-SY:PPNTITLSTj1 ,16)
CALL FVBSET(8,-APPFND#)
Ivp=s
100=5

C***WRITE PROGRAM TITLE ON TERINAL SCREEN
W RITE C IlD, 2 )00)

2000 FOPMAT(20X,'OPIG;IN VELOCIY FILTERI]NG',)
TPOSTIl !SET FOR POSITION I ONLY

C***ASSI,J AND DEFINE INPIJT/011TPIJT FILF
CALI, ASSIGNIT9,-SY:flPGVFL.DATI 1',16)
DEFINE FILE 9(65,256,U,IF22)
CALL FDbSE7(9.'ntV')

C***READ POINTER INDEX FILE
CALL. ASSIGN(10, 'SY:lN DACC.DATll',J6)
DFFIN. FILE 1O(1,30,U,1F19)
CALL FD6SET(10,'HFADONLYo)
REArc10IPOST) Ipr'S, IR,ISUIB,IHOS, ITST, ISBL, 1FEL,KFND,TSAMP :
CALL CLOSE(1O)

C***FNTFP LOWEP AND UPPFR BANDPASS FRFOIUENC]ES
FCI=0.50 !ITOWFR SET TO 0,50 HZ
FC2=10.0 !UJPPER SET TO 10.0 HZ

C***SET INITIAL INVEX VALUES

1S=32
!OT=t,S*(FBL(2)-ISBL(2) )+KFND(2)/4
FS=IO0.O/TSAMP(2)

C***LOAD ALL SAMPLFS OF CODATA(-,1) INTO SIDAIA
10 RFAD(9'IBLK) ((COnATA(KI,I),I=1,4),Kj11,LS)

I B LK=IPLK *

INV=(I3LK-I581.(2)-1 )*32+KR
20 SIDATA(IN)=C0D[ATACl~b,IT)

IF(IHLIK.ECQIFPL(2)) LS=KEND(2)/4
IF(IF4LX.GT.IFbL(2)) Gfl TO 40
GO TO 10

C***INCRF.MFNT APRAY PnsITInN AND IF LAST POSTION FILTERED EX17 LOOP

IF(IIC.T.3) GOi TO 90
C***FILTF'P ONE ARPAY POSITION OF DATA(STOPED IN SIDATA)
40 CALL HNDPAS(SIDATA,LOT,FCI,FC2,FS)
C***RFSET SL(1CY AND woRn TNDFXFS

IBLKzISBL(2)
,S=32

C***RELOAr CO)DATA TO PEFLACF FILTERED ARRAY POSITION AND TO
C***LOAD SIDATA WITH N'LXI ARRAY POSITION TO BE FILTERFD
50 PFADC9IBLF) ((CODPATA(VI,I),I=1,4),KI:1 ,LS)

IOPLK=1PLK
IIPLK=IBLK+1
00O 60 KB31,LS
INDw(IObLK-ISRL(2) )*32+K8

Css*LnAD FILTERED DATA INTO CODATA



CODATA(K8, II)=SILATA( INO))
IF(II.GE.4) GO TO 60

C***LOAD NEXT ARRAY POSITION TO BF FILTERFD INTO SIDATA
SIDATAC1ND)=CoDAIA(Yb,I141)

60 CONTINUE
C***WRITE FILTERED DATA TO DISC FILE

C***IF ON L~AST PLOCK,REDUCF ES TO LAST WORD
IF(IBLp(.E0,IFtKLC2)) LS=KEND(2)/4

C***TEST FOR ENDE OF IINP1IT DATA
IF(1PLK.GT.1FBL(2)) GO TO 30
GO TO 50

C***CLOSE OPEN FILE
90 rALL CLOSEM9
C***WI.ITF ADJUSTMFNT INFO ON TERMINAL SCPFEN

WkIIE( InD,2(30)
2030 FORMAT(IOX,'OI?IJN VELOCITY FILTFRING C0U4PLETED ON:-)

WRITE(IOD,2060) I( IIP1 IO( IS(),PS1
2060 FORVAT(IH -'REcnRD NUM:',13,5X,'SLJFCT NUM:',13,5X,

1 'HOSP NUM: ',16,5X ,'TEST wUM: ',13,5X,'P0SlTIOK:',I4)
WRITF(IOD,2070) FCI,FC2

2070 FOPMAT(10X,-BANDPASS FPEOUENCIFS:',F9.2,' TO',F9.7,' HZ')

wRITF(IUD,2110) ISBl.C2) ,IOR.I< ,KENDR,T1OT

C***SET PRINTEP OUTPUT FLAG
IYI=TYES ISET TO ALWAYS PRINT
IF(IYi*NE.IYES) GO TO 100
WRITF.(8,2030)

WRITECS,2070) FCI,F02
WRITE(8,21 10) lSBL(2) PIOBLV',KENDR,LOT

2110 FORMAT(1R ,'FIRST hLOCIK:'.I4,2X,'LAST F1,0CK:l,14,2X,
1 'AST wnPr:',14,2X,'NUM. OF SAMPL.FS:',14)

CALL EXIT

END



C*** PROGRAM VEPEAN
C*** THIS PROGRAM C(,MPtJTE-S THF '4EAN VALUES OF THE VELOCITIES
C***ST(R1ED TV SY:ClRCVFLbT)AT. THF C(ThPLJTF:P mF1hS AhF STORED IN ARRAY
C***SmEAN(3,-) WHICH 1S LnADED INTr SY:ST?'FAN.0AT.

C*** TASK hUILD AS: VEAN=VKMLAN,(l,l3F4POTS/.9
C**UNITS=IJ MAXBUF=512

DIMENSION C~DATA(32,R),ASTP(R) ,IPOS(3) ,IR(3),ISIJRC3),
1 ITST(3) ,ISHL(3) ,IFBL(3) ,KEND(3),TSAIAP(3) ,SWEAN4(3,3),IHOS(3)

COMMON /ASV/1F15,1F19,1F3t

DATA IYES/'YE'/
CALL A5SIGN(8,'SY:PRNTIT.LST; '1'6)
CALL FbM4SET(8,'APPF'ND')

IOD=5
C***WRITE PROGRAM TITLE ON TERMINAL SCREEN

W FIT E (IO(D,200 0)
2000 FORMA7(20X,' VELOCITY MEAN COMPUTATION')

IPOST:1 !SET FOR POSITION I ONLY
JSTP=3 !MEANS TO STMFAN(3,-)

C***ASSIrN AND DJEFINE ItqPlTI FILF
CALL, ASSIGN(9, 'SY:ORGVEL.bATII ',16)
DEFINE FlLF 9(65,259,UJ,IF15)
CAL!, FrMSET(9,'kEADONLY')
IFTLF=9
1FL=2

K1I1=32
C***IREAD POINIEP INDEX FILF

CALL ASSIGw(10, 'SY:INr)ACC.DAT;I',16)
DEFTNF FILE: 10(1,30,U,IF19)
CALL FP9SET(lr),'RFADONbY-)
iRAD(i0'1POST) IPOS,IR ,ISULB,IHOS,ITST,ISBL6 1IFOL,KEND,TSAMP
CALL CLOSF(1O)

C***SET INITIAL, INDEX VALUES

LS=YIL

C***ZERO SUMMING L.OCATIONS
DO 10 1=11,

Cin*RASTPOC( )O.GNU AAAN NE LC
20*ED LC AR()OF NU AAAN NE LC
2") kEAD(IFILF'18L() ((CCOATA(KI,I) 11=1,ILt),K11 ,I(IL)

C***COMPIJTE SUM OF ALL SAMPLES AND STORE
DC' 30 KI=lKIL
DO 30 I=l,IL

30 ASTP(T)=CODATA(1I, I)+ASTH(I)
C***IF ON LAST BLOCK,RLDLJCE I-S TO LAST WOPP

IF(I~lK.E0.IF4L(7PL)) LS=KEND(IPL)/IL
C***TFST FOR FND OF IV3PU7 DATA

IF(IFl.K.GT.IFbL(lPL)) GO TO 40
GO TO 20

C***CLOSF OPEN FILL
40 CALL CfrI1SE(IFIlF,)
C***COMPUTE MEAN VALUE

DV 5n I:1,JL
5O ASTRITI):ASTk(T)/FLOAT(bOT)
C***WRITE ADJOSTMENT INFO ON TLRPIINA1, SCRFFN

WRITE(TOD,2030) (ASTP(I) ,lZ1,IL)
2030 FC'RMAT(IH' ,2X,'MEAnJ(j).(2) ....... ',4Gt5*7,/22X,4Gl5,7)
C***STORE MEAN~ DATA IN DISC FILJE



F 59

CALL ASSIGNI(11 , SY:STMFAN.DAT;1 ',16)
rJFFINE FILE l1(1,18,II,1F31)
CALL FD1BSET(lI,DOLD-)

DO 55 I=1,3I
55 SMEAN(JSTR,I)=ASTRCI)

CALL CLOSF(1l)
C***SET PPINTFD OUIPUT FLAG

Iftl=IYES ISFT TO At-WAYS PRINT
IF(IY1.NEIYES) GO TO 80
WPITFU( ,233P)

2330 FOkMAT(15X,-FOP FILE SYtORGVEL.O)AT')
70 WRITEC9,2100) IL?(.PL) ,IS'J(ZPL) ,lHOS(1PI,),ITST(IPL,),IPOST
2100 FORN'AT(IH RFCO~tn ?NUM:',3,5X,51UJECT tHUM:',13,5X,

I 'Hn1P NUM:',16,5X,'TEST MUM:1,13,5X,lPOSITION:',13)
D WRITF(8,2110) ISbt,(IPL) ,IFBL(IPL) ,KEND(IPL) ,LOT
2110 FORMAT(1H -FIRST HL0CK:',14,2X,'LAST BLOCK:1,14,2X,

I 'LAST WORD:',14,2X,'NUM. OF SAM4PLES:',14)

80 CALL CLOSF(B)
CALL, EXIT
END



C*** PPr)rRAM ADJVFLj
C*** THIS PROGF4M APJOSTS THE DATA IN SYOjRGVFEL.DAT HY SUPTRACTING
C***THE MFAN VALUEI STVR .D IPN SY:STMFAN.DAT. THE DATA IN
C***SY:flRGVFL.DAT IS REPLACED) RY THF AD01I1STFD D)ATA.

C*** AS' bUILD AS: ADJVEL=ADJVEL,[l,1]F4POTS/LB
C**UNITS12 MAXBUF=512

DIMENSION CODATA(37,4) ,ESMAN(3,3)
DYWFNSION' IPOS(3) ,IH(3) ,ISUB(3) ,1140(3) ,ITST(3)
DiMENSIO)N ISBL(3) ,IIBL(3) ,KEND(3) ,TSAMP(3)
CJM~n'N /ASV/IFlq,IF2J,TF31
DATA IYF.S/'YE'/
CALL ASSIGN(8, 'SY:PRNTIT.lST;1', ib)
CALL FrSET(,APPEND')
IKE,5
100b5

C***WRlTF PROGRAM TITLE ON TERPINAL SCREEN
I*T F(I dD,2000)

2000 F0RMAT(2OX,-SY:OR(rVFL.DAT ADJUSTMENT-)
IPOST=1 !SET FOP POSITION 1 ONLY

C***ENTFR STORED MEAN ARRAY POSITION TO USE
JSTR=3 !SUEAN(3,-) FOR ORGVELDAT

C***RV-AD POV? '1ER INDEX FIVE
CALL ASSI('N(9,*SY:INDACC.DAT;l ',16)
DEFINE FILE 9(1,30,U,TF19)
CALL FD'RSFT(9,'v4FAr)1NLY')
REAP(9'IPOST) IPOS,TRISUB, IHOS,ITST,ISbL,!F'BLKEND,TSAmP
CALL: CLOSF(9)

C***SFT TVITIAL INDEX VALUES
IBLK=TSBL(2) !INPUT BLOCK INDEX
IPBLKISBL(2) !OUTPUTI BLOCK INDEX
1,S=32
LO)TLS*(IFBL(2)-ISSLC2))+KEND(2)/4
HiTSAMP(2/1000.0

C***RFAD MEANS FROM DISC F)LE
CALL ASSIGN(10,'SY :STMEAN.DAT;11, 6)
DEFINE FILE 10(1,lR,U,1F31)
CALL FDRSFT(10,'REAVONLY')
RFADC10'IPOST) ((SMFAN(J,I),11,3),Jml.3)
CALL CLOSFCIO)

C***ASSIGIN AND DEPINE INJPUT FILF
CALL ASSI1N(17,'SY:nRGVEL.DAT;l',16)
DFITNE FILE 12(65,2b6,U,IF21)
CALL FDBSET(12,'OLD)

C***READ I3LfCK OF~ INPUT DATA AND INDEX BLOC'
20 READ(12'IBLK) (rCnnATA(Xl,I),1:1,4),KIZILS)

IPLK=IBLK4
C***AD-311ST BLjOCK OF [DATA FY SUBTRACTING mFAN VALUE

DO 30 KI=1,LS
DO 30 1=1,3

30 CODATA (N 1, )=CUDATA (KI , I)-SMEAN (JSTP, )
C***WRITE ADJUSTED BLOCK TO DISC FILES AMD INDEX BLOCK
50 *RITE(l2'IO4A'K) (CDT(1I,=,)K .2

IO8!,I(=IOBlK4 I
C***IF ON LAST BILOCK,kEDUCE LS TO LAST WORDl

IF(IOBlKFQ.Iv5L(2)) tSxKEmD(2)/4
C***TFST FOR FNP OF DATA

IF(TOPLK.',T.IFBL(2)) GO TO 90
GO TO 20

C***CLOSF ALL OiPEN FILFS
so CALL CLCSE(12)
C***COMPIJTE LAST WORD AND LAST BLO)CK WRITTEN TO DISC

LwuL.S*4



F61I

IE B LK = IOR K-I
C***WRITE ON TERMI1NAL SCRVEN MEAN SUBTRACTION IN'FORMATION

WRITE(IOD,2070)
WPITE(IUD,2020) IR(2),ISUB(2) .IHOS(2) ,IT'ST(2) ,IPnST

2020 FORMAT(1H ,'RECORn NlUM:-,T3,5X,'SlBJECT NUH4:0,13p5X,
I 'HOSP JUR~: ',Jb,5X, 'TFST NUJM: ',13,5X, 'POSITION:',I3)

WRITE(IOD,2090) ISPL(2) DIE5LK,Lw
C***SET PPINTEr. OUTPUT FLAG

1I1IYF'S ISET TO ALWAYS PRINT
lF(7YI.NE.IYES) GO TO 100
WIRITECR ,2070)

2170 FrR~fAT(IH f19X,'0.kGVEL.DAT7 MEAN ADJUSTM1ENT COMPLETED ON-)
%PITE(b.,2O20) IR(2) ,ISUR(2) ,1HOS(2),ITST(2),IPOST

D WRITE(8,2090) ISSL(2),TFBL(2),K(END(2)
2090 FORVAT(lH INITIAL ELOCK:'.I4,2X,'FINAL BLOCK!*,14,2X,

I 'LAST WORD:',14)
100 CALL CLOSF(R)

CALL, EXIT
END



F62

C*** PPnOCPAM CORPUS
C*** THIS PROGRAM IrJWGIOATFS THE VELOCITY DATA STORED
C***JN SY:CORGVFL.rOAT TO PROr)ICE THF THREE. COMPONENJTS OF THE
C***POSIT1ON VFCTOR. IT STORES COWPONENTS 1=X,2:Y,3=Z AND
C***MFAI* SO. INTEGRATInN EPROR ON VISC FILE SY:OPcPOS.D)AT.

C** TASK BUJILD AS: CORPOS=CORPOSAM3NM,DIRDOT,E1,13F4POTS/LB
C**UNvrS=l1 MAXPUF5J2

COMMON YC37 14) ,DY(36,4) ,CoDATA(36,4)
DIMENSION IPOS(3) ,]R(3),ISUPC3) ,I14S(3) ,I1TCT3)
DIMENSION IS81 (3),IEBL,(3) ,KFND(3) ,TSAfVP(3)
COMMON /ASV/1E19,1F22,1F23
EXTERNAL DIHOOT
DATA IYES/'YF'/
CALL ASSIGN(8,'SY:PFN'TITIST;1 D,16)
CALL, FDBSFT(S,'APPEND*)
IKB=S

C***RIT POGTAM ITLEON ETTE. CRE

CALL ASSIr (1,5YUVNAC.DAT; 1,16)

DEFINE FILE l0(1,30,L',1F19)
CALL FDHSETCIO,'RFAD0NLY')
RF:Ar(10'Ir'OST) IPrS,IH,ISUB,IHOS,ITST ,ISHL,IF8L,KEND,TSA P
CALL CLOSE(1O)

C***SET INITIAL 1NDFX VALUES
IAL.KzISRI,(2) !INPUT BLO)CK INDEX
IOBLKISL(?) mOIPU(T BLOCK INDEX

C***SET INITIAL VALUES FOP ENTRY INTO INTEGRATION RUUTINE AM31NM
C***N.B.:ALL VELOCITY COMPONFNTS SET TO ZERO

DO 10 1=1,4
DO 10 J=1.4
Y (J, 1)=O C)

in Dy(JI)0o.o
LS=36 !32 INTEGRATInN STEPS PLUS 4 INITIAL VALUES
LPT=(1bS-4)*(IFBL(2)-ISiiL(2))+KEND(2)/4
H=TSAMP2/1flO.0

C***ASSIGN AND DLFINE OUTPUT FILL
CALL ASSIGN(11 ,-SYZU-PGP(JS.t)AT;11',tb)
DEFINE FILE 11(b5,256,U,IF23)

C***READ HLOCK OF IPJT DATA AND INDEX FLOCK
20 READ(9'14UK) ((CfTATACV,I),I=1,4).PI=,LS)

18T,KuIPLK4l 1
C***INTFGRATF BLOCK~ OF DATA4

CALL AM31NM~(DIRDOT,H,LS)

C***IF ON LAST RLOCl(,SME ZERO INw RFMAINDFR
IF(IOPLI'.LT.IFHlI(7)) GO TO 50
LOS=LS41
IF(LOSGT,36) GO TO SO
DO 45 JzLOS,36
DO 45 1=1,4

Ak 45 DYCmI,I)mO*O-



P6 3~

C$**WRITE IFTEGPAIL B3LOCK TO DISC FILES AND JNL)EX BLOCK50 wrElIOL)(Y(II,=,)Kv,6
IOSBLK=10BLK,1

C***IF ON LAST FLOCK,fkEDUCL LS TO LAST WORD + 4
IF(TDBI,EO.1FPL( 2)) LS=(KEND(2)/4)+4

C***TEST FOR END CF (PATA
IF(IOHBLK.GT.IFBL(2)) GO TO 80

C***RESET AkRAYS WITH 1VJITAL CONDITIONS FOR NEXT DATA BLOCK
DO 60 1=1,4
DO 60 J=1,4
Y(J,I)=YCJ+32rI)
DY (J , 1)=DY(J+32, I)

60 COPATA(J,t)=CODATA(J+32,1)
GO TO 20

C***CLODSF ALI, OPEN FILES
90 CALL CLOSEM9

CALL CbOSF(ll)
C***COMPUTE LAST WORD INTE~GRATED AND LAST BLOCK ViRITTEN TO DISC

LW=(LS-4)*4
XE BL K 10 BbK-i

C***WRITE ON TERMINAL SCREEN INTEGRATION INFORMATION
WRITE(IOD,2070)
WRITE(IOD,2020) IR(2) ,ISLBC2),IHS(2),rTST(2),IPOST

2020 FORMAT(1H -'RECORD NlJM:',13,5X,'SljBJFCT NUm:',13,5X,
I 'HOSP NUM:.Ifb,5X, 'TEST NUM:l,13,5X,lPOSITlON:lpI3)

WRTTECIDD,2090) ISAL(2) ,IEBLK,LW
C***SET PRINTED OUTPUT FLAG

IYI=TYFS - !SET TO ALwAYS PRINT
IF(IYI*NE.IYES) GO TO 100
WRITF(8 ,2070)

2070 FORMAT(lH ,19X,'DRIGIV. VELOCITY INTFGRATION COMPLETED ON')
WRITF(8,2020) IR(2) ,ISUB(2),IHOS(2),ITST(2),IPOST
WRITE(8,2090) ISF3L(2) ,IFfL(2) ,KEND(2)

2090 FORMAT(1H ,'INITIAL ALOCf :-,I4,?X,'FIhAJ BLOCK:',14,2X,
1 'LAST WORD:',14)

too CALL CLDSECP)
CALL EXIT
END



Program DATRUN
This is a command file program

which automatically executes all
the programs listed below.
Execute by @DATRUN

RUN D) TCON
RUN STADAT
RUN FILDAT
RUN SWPfnAT
RUN SPEr I.'
RUN OkGF11,
PUN I AACIC
RUN CDANG.,
RUN FILA14G
RUN CGsT At
RUN COACCL
RUN FILKCC
RUN ACMFAIN
RUN ArJACC
RUN CPRVEL
RUN FILVE.
RUN VFM FAk
RUN AOJV.L
RUN CORPOS



C*** PROGRAM PLflTI6
C*** THIS PROGRAM PLOTS UP TO 4 CHANNELS(JP ARPAY POSITIONS) OF
C***DATA STORED IN DISC CATA FILES LISTED IN THE INPUT FILE
C***SFCT1ON OF THE PROGRAM, A MAXIMUM OF 1024 SAMPLES CAN BE
C*V*PLOTTFD(UP TO 10.12 SECS), THE PLOT SIZE: lb 18CM, X 24CI/.
C***WHEN PSIZ IS SET TO 1.5, THE PLOT IS FULL SIZED FOR TX AND
C*** PLOTTER,

C*** LINK AS PLOTIP=PLOTIB,PLOTL,SYSLIB/F

COMMON /ASV/1F17,IFIS,1F16,IF30,1F21 ,IF22,1F23,IF24,1F25
DIMENSION LABELCI6)
DIMENSION DATBL.K(32,10) ,OATA(512,4),YDATA(512),TImE(512)
LLJGICAL$1 CODE(6)
DATA IYLS/'YE'/
DATA

DATA ICODAT/'CO'/,IOHEG/'OM'/, IORPOS/'PC-/,IRBAKT/-RB'/
DATA ITRANS/*TR'/. IORTHO/'OR'/, IACCL/-R2-/, IORVEL/-VE-/
DATA IANGL/'At4'/
IKR'5

C*#ENTFR NAME SYMBCL OF DISC FILE TO BE PLOTTED
WRITE(IOV, 2000)

2000 FORMAT(20X,'PLOT PROGRAM'/l0Y,'F'NTFF FILE NAME
I /IOX,'(CP=CODATM,OPOMEGA,TR=TRANSM,OHITRORTH)I
2 /IOX,'(H2=ORACCL,VO=RGVEL,PO'iORGPOS,RbZFLATEN,ANUANGLES)I)

READ(IKP,1000) INAP
1000 FOkMAT(A2)

WRITECIUL).2010)
2010 FOkMAT(1OX,'ENTEP FILE STARTING SLI( HUm')

READ(IK13,1010) ITBLK
1010 FOkMAT(14)
C***BRANCH TO SELECTED DISC FILE

IF(INAM.EQ.ICnDAT) G;O 10 30
IF(INAk.EQ.1OMEG) GO TO 40
IF(INAM.EQ.ITRANS) GO TO 60
IFCINAMEOIORIHO) Go TO 70
IF(INAM.E(Q.1ACCL) GO TO So
IF(INAk.EQ.IURVIl,) GO TO 90
IF(INAMI.LOoIORPOS) CL TO 10C
IFCINAM.EQ.IRSAKT) GO TO 110
IF(INAM.EO.IANGL) GO TO 120

C***ASSIGN AND DEFINE SELECTED FILE AND SET INDEXES
30 CALL ASSIGN(17,'D)KO:C~r)ATA.DAT',14,'OLl))

DEFINE FILE 17(260,256,U,IF17)
IFILF=17
IMAXz32 IMAX NUMBFP OF BLOCKS
KIFzl6 INUMBER OF SAMPLES PER B~LOCK
ILFuG INUPARER OF ARRAY POSITIONS IN DISC FILE
TBLKO.,16 ISECONDS PFP BLOCK
GO TO 140

40 CALL ASSIGNCI5,.DKO:OMEGADAT',13, 'OLD')
DEFINE FILE t5(130,256,U,IFlS)
IFILE=15

50 IMAXu1b
1(11.32
ILF=4

TB LI' .032
GO TO 140

60 CALL ASSIGN(30.'lIoITRANSA.DAT , 14.'OLD')
DEFINE FILE 30(80 UIF



KIF=12
ILF=20
TBLN =0, 12
GO TO 140

70 CALL ASSIGN(16,'OKO:TROTA.AT,14,OLD-)
DEFINE FILE 16(340,240,U,1716)
IFILE=16
GO TO b5

an CALL ASSIGN(21,'D10:ORACCB.DAT',14,'OLD')
DEFINE FlLE 21C130,256,J,IF21)
IFILE=21
GO) TO 50

90 CALL ASSIGN(22, D1<0:ORGVER.PAT',14,'L3LD')
DEFINF FIlE 22(130,256,U,IF22)
IFILE=22
GO TO 50

100 CALL ASSIGN(23, 'DKO:ORGPOR.DAT', 14,* 'LD-)
DEFINE FILE 23(130,256,IJIF23)
IFILE=23
GO TO 50

110 CALL ASSIGN(25,'VKO:FIATEN.D)AT', 14,'OLD')
DEFINE FILE 25(130,256,LJ.1F25)
IFILE=25
GO TO 50

120 CALL ASSIGN(24,-DKOIANGLES.DAT',14,'OLD')
DE.FINE FILE 24(130,256,U.1F24)
IFILE=24
GO TO 50

C***ENTER PLOT START AND FINISH BLOCK NUMTZFPS AND) TEST
140 WRITE(IOD,2040) ITMAX
2040 FORMAT(10XENTER PLOT START AND FINISH BLK NUM:'/15X,

I O'MAXzl,I2,2X,ITF EVERY POINT PLOTTED-)
REAt,(IKB.2020) ISBLK,F4L

1020 FORMAT(214)
IF(((IFI3LK-ISBLK).91).GT.IM'AX*4) STOP 'BLOCK' LIMIT EXCEEDED)'
KSTP:1 ! INDFX TO LOAD EVERY POINT OF DATA
IF(((IFBLK-ISBLK)*1).GTIMAX) KSTP=2 ILOAD ALTERNATE PTS
IF(((IFBLK-ISPLK)+1).GTIMAX*2) KSTP=4 '.LOAD EVERY 4TH PT

C***ENTER NUMBER OF CHANWELS(OR ARRAY POSITIONS)TO BE PL.OTTED;TKST
WRITE(IOD,2060)

2060 FORAT(IOX,'ENTFP FIRST AND LAST PLOT ARRAY NUVl8EP:%'AX=4'
I /IOX,'**LAST MiUST RE. GE, FIRST**')

READ(IK8,1020) ISPLIFPL
IFC((IFPL-ISPL)+1),GT.4) TFPL=ISPLe3 liNSURE MA~X 4 P1~fPT,
IF(ISPL.GTIFPL) STOP 'FIRST ARRAY PLOT NUM .GT, LAST'

C***ENTER PLOT AND TEXT SCAT PIG FACTORS
PSIZI10b
TSIZ:1.0

C***SET INITIAL VALUES
%PITE(IOD,20RO)

2080 FORMATCSX,'ENITLP COI'E(1-2-2-1 DIGITS):DISC,RE:C,SLW,IEST')
REANYrft,1040) CUDF

1040 FORMAT(bA1)
C WRITE(IGD,2070)
2070 FORMA (0X,'EWTFR STEP SIZE(t0OHZ-0.01,2004Z-0.00S)')
C READ(II(B,1030) H
1030 FORMAT(FI5,7)

1120.005 ISET STEP SIZE FOP 200 HZ ONLY
IFLICISBLK
IPTS=( (IFBLK-TSBLK)4I )$KIF/KSTP
IF(IPTS.GTo512) STOP 'IPTS COWPL)TFD *GTs 512'

C***BEGIN LOOP TO LOAD DISC DATA INTO DATA ARPAY
160 READ(IFILE*IBLK) CCDATBLKCKIIL),ILx1,ILF),KIsL1,KIF)

Do 190 KbsIKIF,KSTP
IND:CIPLK-ISBLK )*KIF/KSTPKB/KSTPKS TP/2
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VO 170 I C=ISFPI,IF-PL
170 DATA(lND),KC-ISPL4i )=PAT!3LV(KI,KC)
180 TIME.(IND)zFLOAT((1Ibl(K-IBLi )*KI'+(IKE-1) )hi

1F(IBLK.EO.IFFLK) GO) TU 200
IBLY1BLK+l
GO TO 160

C***CLOSE OPEN DISC FILE
200 CALL CILOSL(IFILE)
C***BFGIN PLOTTING ROUTINF

CALL PLOTST
CALL FACTOR(PSIZ)
CALL TEXTS(TSIZ)

C***SPT THE REQUIRED INTERVAL, NUMBERS AND SIZE FOR THE Y-AXIS
IP=IFPL-IPI,+1 INUkBER OF PLOTS (I TO 4)
RIP=FLnAI (IP)
S=12,0/RIP !Y-AXIS SIZE IN CM4S

C#r**MOVE ORIGIN TO BOTTOM LF.FT OF PLOT
X0R=20,0 !20 MM FROM LEFT EDGE.
YOR=20,0 120 MM FROM BOTTOM
CALL PLUT(XOk,YOR,-3)

C***SCALE AND DRAW X-AXIS (22 CM LONG)
BKPCMNFLOAT((IF'MLK-ISBLK)+2) !NUM OF BLOCKS + 1
IF(H.LT.0.008) TBLK=TBLK*O.5 IBLOCK TIME @200HZ
IDX:IF'X(BKPCm/22.0*TBLK*100.0) IFIX(SEC/CM*100,)
DX=FLOAI*(IDX)/100.0 ICONVFPT TO 2 DIGTTS
IF(DX.LT.1.OE-4) D)AtTSLK*0.O5
XPIN=TImE( 1)
CALL AXIs(O.0,0.0,'TIME (SECS)',11 ,22.O,O.0,XMIN,DX)

C***MOVE ORIGIN TO TOP LEFT OF FIRST PLOT
Y0R=(12.O+RlP-O.5)*10oO
CALL PLOT(O.0,YOR,-3)

C***WRITE CODE NUMFBER
TSI?.E0,0
CALL SYMBOL(20.. -eb.,6. ,CODEO.0,6)
TSIZl .0
CALL PL-OT(0.,,P3)

C***WRITE TITLE OF DATA BFING PLOTTED
C*** MOVE PEN TO TITLE STARTING POINT

XTO=10OQ
YTOx-7,O
S NA MS Z=6 *0
IF(INAV.EQ.ICODAT) GO TO 310
IF(INAM.EQ.IOME.) GO TO 320
IFCINAM.EQITRANS) Go TO 340'
IF(INAM.EQ.IOHTHO) GO TO 350
IF(INAM.EQ.IACCL) GO TO 360
IF(INAM.EO.IORVEL) GO TO 370
IF(INAM.EQ.IDHPOS) GO TO 380
IFCINAM.EO.IRBAVT) GO TO 390
IF(INAM.E0,IAN.L) GO TO 5OU

310 CALL SYMdflL(XTO,YTO,SNAmSZ, 'CODATA',0.0,6)
GO TO 400

320 CALL SYMFBOL(XTOYTO,SNAMSZ, 'OMEGA' p0.0.5)
GO TO 400

340 CALL SYMBOL(XTOYTO.SNAMSZ. 'TRANS MATRIX ,0.0, 12)
GO TO 400

350 CALL SYMBOL(XTOYTOSNAMSZ. 'ORTHO MATRIX '0.0.12)
GO TO 400

360 CALL SYMBOL(XTO.YTO,SNAMSZ.'ORGACCL',0.0,7)
GO TO0 400

370 CALL 8YNBOL(XTO,YTO,SNAMSZ'ORGVEL',0.0,6)
GO TO 400

380 CALL SYMBOL(XTOYTO,SNAMSZ, 'ORGPOS',0.0,6)
GO TO 400
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GU TO 400
500 CALL SYHFbOL(XTO,YTO,ShAMSZ, 'ANGLES THET,PHI,BET',0.0,19)
C***BEGIN THE PLOTIING LOOP
4001 Do 450 I=ISPL,IFPI.
***LOAD THE YDATA AR~RAY

DO 410 I:1,IPTS
10 YDATACII)ZDATA(II,I-ISPL+1)
-#**MOVE THE ORIGIN TO ROTTI2H LEFT OF CURRENT PLOT

YOR=-(Soi .0)*10.0
IF(I.EG*ISPL) YOR:-S*10.O
CALL PLOT(0.0,YOR,-3)

C***SCALK AND DkAW' THLE Y-AXIS (S CM HIGH)
CALL SCALE(YVATA,S,IPTS11 ,YMIN,DY)
CALL AXIS(0.0,0.0,1,ABEL(I) ,-2,5,90.0,YMIN,DY)

C***MDVF THE PEN TO Y z ZFRO POSITION~ AND DRAW Y=O LINE
YZEP=-YIIN/VY*10.0
XZRENL'=(TIME(IPTS)-XMIN)/DX*1 0.0
CALL. PLOT(0.0,YZER,3)
CALL PLOT(XZREND,YZFR,2)
CALL PLUT(0.0,'YZEP,3)

C***PILOT THIS LINE
DO 430 111l,IPTS
XX=(TlME(Il)-XMIN)/PX*10.0
YY=(YDATA(II )-YMIN)/DY*10,0

430 CALL PLUT(XX,YY,2)
450 CONTTNUE

CALL PLOTND
CALL EXIT
END
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C*** ~ PROGfRA w SCNPGSIN 
T E WA K B F ND GCs** THIS PROGRAk LOCATES THE CENTRAL 3 fSTRIDES i H A~~ IDN

C***TME MINIMUM POSITIONS IN THE VERTICAL DIRECIION
C**

C***TAS', PU7LD AS: SCNPOS=SCNPOSrrIF4POTS/LB
C** NITS=11 M~AXUF512

DIME~NSION CODATA(32,4) ,ASTR4(3) ,IPOS(3) .IR(3) ,ISUB(3) ,IHOS(3)

DIMF'lSION ACCKXY( 50) , IiN81IK(50) , MNI N(50) TIMXX (5) , TIqAX (6 ,3)
DIMENSION INWF'LK(7) ,I .WIND(7) ,TIMKEW(7) ,ACCMAX(6,3) ,ACCMIN(6,3)
DIMFNS10N TIMMINC6,3) ,S1JNWPEK(3) ,PEAK(b,3),SiJMMAX(3),SUMWIN(3)
DIMFNSION SIGMAX(3) ,SIC.'TN(3) ,SIGPEV(3),ITITLE(9,5),IALPHA(9,6)
DIMENSION INLP 'Am(g) ,IFLNJAM(S) ,ILOCN(7)
LOGICAL41 IDATE(9),ITIMF(8)
COMM~ON /ASV/IF15,1F19,1F31
DATA IALPHA(1,1),IAILPHA(2,1),IALPPA(3,1) ,IALPHA(4,1),XALPHA(5,1),

I IALP14A (6, 1) , IALPHA (7,I )/SY -, ':O', RG',PAC*, 'Co', DA', 'T;P/
DATA TALPHA(1,2),IAILPPA(2,2),IALPHA(3,2) ,IALPHA(4,2),IALPHA(-,,2),

I TALPHA (6,2) ,IALPHA (7,2) /-SY-, ':0', 'RG' , VEP, 'L. ', ODA',OT: I
DATA IALPqA( 1,3),IALPPA (2,3) ,IXALPHA (3, 3) p YALPHA(4, 3) ,IALPHA (5, 3),

I IALiPHA(6,3) ,TALPHA(7,3)/-SY',':O','RG','PO','S.','DA', T; 'I
DATA IAL5PHA(I ,4),IALPHA(2,A),IALPHA(3,4),IALPIIA(4,4),IALPHA(5,4),

1 IALPHA(b,4) ,IAILPHA(7,4)/'SY',': ''MEA''AT'
DATA IAL1PHA( 15) ,IALPFA(2,5) ,lALPI4A(3,S),JALPHA(4,5),IALPHA(5,5),

I IALPhA(6,5) ,IALPHA(7,5)/'SY', ':N','E*', AN, ',&PrA',Tv
DATA IATPHA(1,6),IAJ.PHA(2,6) ,IALPHA(3,6),IAUPHA(4,6),IALPiA(S,6),

I IAbPHAC6,6) IAt1P"A(7,6)/'SY', *:I'# 'N1)', PAC', C.', 0-YA',PT;v/
DATA ITITLE(1,1) ,ITTTLE(2,1) ,ITITLE(3,1) ,ITITLF(4,1),ITITLE(5,1),

1 ITITLE(6,I),7TITLE(7,1) ,IlTLE(8,l),ITITLE(9,1)/'AC-,-CE',
2 'JCPvPI~OP' ',# O~f P/

DATA ITITLE(1,2),TTITLF(2,2) ,ITITL.E(3,2),I1ITLE(4,2),ITITLE(5,2),
I ITITTJE(6,2) ,ITITLE(7,2) ,ITITLE(8,7) ,ITITLEC9,2)/'VF','LO',
2 PCIP,PTY',&: 0,' *,v #,P 0 01/

DATA ITITLE(1,3),ITITLE(2,3) ,ITITLE(3,3) .ITITLE(4,3),ITITLF(5,3),
I TTITLE(6,3),ITITLE(7,3),ITITLE(e,3),ITITLEc9,3)/'pPn', PSI',t

DATA IT II L E( I , 4) ,I T TTL E (2, 4 , IT ITI.-E (3 , 4) , I TIrTL E(4,4)1 T ITLE (5 ,4),
I ITITLE(b,4) ,ITITLE(7,4) ,ITITLF(S,4),ITITLE(9,4)/'AN','tJ',
2 PLAP''k ''lVE ,'TnO'CTvTYP,: P/

DATA ITITLEC1,5),ITTTLE(2,5) .ITITLE(3,9),ITITLE(4,5),ITITLE(5,5),
I ITITLE(6,5) ,ITITL.E(7,5) ,ITIT!,F(8,5),ITITLE(9,5)/'AN-,-GL',
2 'ES',': PP Pro *I P' /

DATA IYES/-YE-/,INO/'NO'/
CALL ASSIGN(8,'SY:DUIMPRN.L sTx 1',15)
CALL F'B5ET(8,'NEW')
IKA=5
10D=5

Cs**WRITE PROGRAM TITLE ON TFPMINAL SCREEN
WRITE( IUD,2000)

2000 FORP'AT(20X,'CFNTkAL 3 STRIDES LOCATOR-)
IPOST l !SET FOP POSITION I ONLY

C***ENTFR VE!RSION NUIMBER OF DATA FILFS
WPITECIOD,2300)

2300 FOkPATC2X,'FNTEP VERISON NUMBER OF DATA RECORDS')
RFAV(IIH, 1300) IALPHA(8, I)

1300 FOPPAT(A2)
1010 FORPAT(16)
C***LOAD OTHER DATA FILE NAMES WITH VEpRIO NUMBER

DO 5 I=2,6
5 TALPHA(8#I)zIALPHA(8,1)

WRITECIOD,2310) (IALPHA(Kv3) ,13 ,S)



6 lND.NAM(I )=ILLPHA(K,0)
CAL[, ASSIGN(10,INCJAM,16)
DFFINE FILE 10(1,30,UIJF19)
CALL FPBSFT(10,'REAT)ONLY')
RFAD(IVUIPOsST) IFOS, IR,ISU8,IHOS,]TSTIb~b,IFBL,KEND,TSAKP
CALL CLOSL(10)

C#2P*SET INITIAL INDEX VALUFS
IFLAGs:-1O !MEAN COM~PUTATION4 FLAG
DO 7 1.1,7
INWEUKCT)=0

7 INWINp(I)=O

KIL=32
IBLI(=ISBL( IPL)

LOT=LS(1F4L(IPL)-ISBL(IPL)),KEND(IPL)/IL

C*P**BEGIN TO SEARCH PnSITIO4 DATA FILE
IIFfI=3

C***ASSIGN AND DEFINE INPUT FILE
DO 8 KK1,8

8 IFLNA'm(Ks)=IA1.PHA(KK,IIFF)
CALL, ASSIC1N(9,IFLNAM,16)
DEFINF FItlE 9(65,256,U1,IPIS)
CALL FDbSFT(9,'Ff.AlPONLY-)
IFILE=9

Cs**ZERO SUP4Ir'G LOCATIONS
DO 10 1=1,3

to ASTR(I)0O
YF(IFL.AG.LT.0) GO TO 20

KENO(IPL)=1L*NwI'D(7)

C***PEAD PIOCK OF INPUT DATA AND INfluX fSLOCK

KIAxJ
LSKIL

I8LK=I9LK+l
C***COMPUTF SUM OF ALL SAMPLES ANT) STORE

0O 30 KI=KA1.5
DO 30 1=1,3

30 A57-' (I)ZCODUATA(P(I,I)+ASTR(I)
C***IF ON LAST I LOCp ,PEPUCF LS TO LAST WORD

IF(IBLK.EQ.IFFL(lPL)) LSuKFND(IPL)/Ilt
C***TFST FOR END OF INPU)T DATA

IF(xBLvGT.IFHL(IPL)) GO TO 40
(fl Tn 20

C***C0MPlJTv MEAN VALUF
40 DO 50 3=103
50 ASTP(I)zASTR(I)/FLOAT(LOT)
Cs;$SET INDEXES FON FlNDING ALL POSC3 VINIMU9AS

ILOC=0 !mININUW LOCATION It;DEX
rLO0PlP1 LINSLIRES IST MIN INDEX IS I IF START NEGATIVE
IBLK=ISRL(IPL) IFESET TO FIRST BLOCK OF DATA

C***SLT ALL M4INIMUMh PAPAMETFRS TO INITIAL VALUES
no 60 121,50
ACCMXX( I)ct0000.
IMNBLK(I)=0
IMPJIND(I )R0

60 TIIPMXX(I)zO.0
C***RFAD IPLOCK OF INPUT DATA AND INDEX BLOCK(
70 READCIrILVIBIJ) CC.
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Irl '? R:FIK+l
C***SUPTHACT M~FAN VALLUE AND SEARCH FOR P1tqImUPwS

DO 90 K h= ,11,
CODATA(KB,3)=CODA7A(Ki4,3)-ASTP(3)
IF(COArM(j,3),'r.o.o ) Gfl TO 80

C***MIN7MUM SEARCH LOOP
IF(JLOOP.LI.0) ILOC=1,OC+1
IL00P=4 1
IF(CODATA(KB.3).GT.ACCMXX(ILOC)) GO TO 90
ACCMXY (ILnC)=CODATA(KB,3)

IMNIND(IILOC)=KB
TIMPXX(JLOC)=F'L(iAT((IPLK-l-ISRt,(IPL))*NIl1 +(KB-1))*H
GO TO 90

C***MAXIMUM SFARCH LOOP
80 JLOOP=-1
90 CONTINUE
C***TEST FOP END OF INPOT DATA

IF(IBLK.GT.IFBL(IPL)) GO TO 100
Go To 70

C***RESTORE MINIMUM TO CORRECT ABSOLUTE VALUE
100 DO 110 I=1,ILOC
110 ACCMXX (I )=ACCMXX (I)+ASTR (3)
C***WRITE DATA ON TERmINAL SCPEFN

WRITE(IOD,2010)
2010 FORMAT(2X,-ILOC',2X, 'BLK',2X,'IND',2X,'TIME',2X, 'ACCMXX')

DO 120 I1l,ILOC
120 WPITE(TOD,2020) I,I!MNBLK(l),IMNIND(T),TIMMXX(I) ,ACCMXX(l)
2020 FO!RMAT(2X,13,3X,T3,3X,12,2X,F4.?,?X,GIO. 3)
(***CLOSF OPEN FILE

CALL CLOSFCIFILE)
C***SET PRTNTE:D OUTPUT FLAG

IY11INO !SET TO NOT PRINT
IF(IYINE.IYES) GO TO 400

C***ONLY PRINT HEAD)ER INFORMATION ONE TIME
IF(IIFF.NE.1) GO TO 300
CALL DhTECIDATE)
CALL TIME(ITImE)
WRITE(6,2095) IDATE,ITIME

2095 FORMAT(15X,'STATISTICS FOR CENTRAL 3 STRIDES',I5X,9A1,2X,
I 'AT ',HAI)

WPITE(P,2100) IRCIPT,) ISUB(IP,) ,IHns(IPL) ,ITSTCIPL) ,IPOST,
I CAD

2100 FOPMAT(IH -PFECnn l M:',13,5X,'SUSJECT N!JM:',13,5X,
i 'HOSP NUM: ',16,5X,'"F-9T ND~M:',13,5X, 'POSITION:1',I3,
2 5X,'CADP'NCE =',F'7.2,- STFPS/MINUTE')

WRITF(8 ,2i20)
2120 FORMAT(SX,'STP-P SECTION PflTNTS-,5X ,'1',6X, '2',6X,'3',6X,'4',

I 6X,'5',6X, '6',6X, '7')

2130 FOPMAT(20X,'BLUCK: ',2X,T2,6(5X,I2))

2140 FORh AT(20X,ksCIRP: ',2X,I2,6(5X,I2))
bWTTF(B,2160) (TTMNFW(I) ,11,7)

2160 FOPPMAT(20X,-TIME: '.7(F7.2))
300 WRITE(8,2190) (ITITIE(Jk7,IIFF') JJ~ij,9)
2190 FORMAT(6X,9A2)

DO 380 1=1,3/
WRITF.(R,2200)I

bRITE(8,2?10) (ACCMAX(K,I) ,K=1 6) ,SUMMAX(I) ,SIG'4AX(I)

WPITE(8,2730) (ACCNIN(KI) ,Kzl .6) ,SUNPN(I) .SIGMIN(I)

380 WPITF(B,2260) (PEAK(KI) ,KZl 6) ,SUMPFK(I) ,SIGPEK(I)
2200 FORMATCSX,'AXIS',12.ISX, 'I-2',BX,'2-3'.BX,'-*@,45



2210 FOHP.AT(0X,'MAX VALUES: r,8(c.11.4))
2220 FORMAT(IOX,'MAX TIMFS: ',6(Gtl.4))
2730 FOkMAT(IOX,'MIN VALIJS: ',S(Gll.4))
2740 FrRPAT(1X,-MIN TIMPS: v 6(GII,4))
2260 FORMAT(IOX,-Pv TO PP: 0,9(01.4))

WRITE(8,5000) !ADDED DUE TO LP ?ALFUNCT
5000 FOHPMAT(2X,/)
400 CALL, CLOSE'(A)

CALL EXIT

tfI
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C*** ppn(;RAM STVRF.3
C*** THIS PPOGRAM Cr)NIFNSKS THE 3 WALING CYCLES INTO
C*** IHE SAPF NUMbER OF POINTS FOR ALL 7 SIJBJVCTS. IT
C***THEN STORE.S THE DATA IN FILES
C*** SY:SSSSVia.VAT;# itHE'RF. $$S=ACC,PQS,VEL,UMG,ANG
C*** P=1,2,3 AND #=VER&IUN NUMBER. ONLY ONE AkRAf
C***POSITION IS STORED IN EACH DATA FILE.

C***TASK BUJL) AS: STORE3=STURE3,(1,1JF4POTS/LB
C**UNITS1Il MAXbUF=512

DIMENSION CODATA(32,4) ,DATA(600) ,IPDS(3) ,IP(3),ISUB(3),
I IF'OS(3) DITST(3) ,ISBL(3) ,IFBL(3) ,KEND(3),
2 TSAfP(3),INDX(200),IFLNAM(8)

LOGlCAL*1 IDALAMt9,ITIME(B)
DATA IYES/'YE'/
IKB=5
10D=5

C*** WRITE PkOGRAM NAME ON TEPMINAL SCREEN
WkITECJOD,2000)

2000 FOR1YAT(2X,'3 CYCLE CONDENSING PkOGRAM')
IPOST1l

C***ENTFR INPUT DATA FILE NAME
20 WRITE(IOD,2010)
2nt10 F ORMAT( 2XENTER FILENAME -?*ILNAM.DAT; **')

kFAb(Il-R,1000) (IFLNAM(l) ,I=1,8)
2000 F0RYAT(8A2)

WRITE'(Ii),100") (IFINAM(I) ,I=1 ,@)
C***ENIEk ARRAY POSITION TO FbE STORED

WPITE(IOD,2012)
2012 iORMlAT(2X,'ENTVP APPAY POSITION Tr STORE')

READ(TKF,1020) III
C***ENTE' STARTING ANL FINISHING BLOCK AND WORkD AND THE NUMBER
C*** OF POINTS TO BE KEPT IN CONDENSE' DATA FILE

WRITE(TOD,2020)
2020 FORMAT(2X,'ENTER: FIRST BLK,FIRST WRD,LAST BLK,LAST WRD',

I /,1OX,-ANl NUN POINTS FOR COND VILE')
READ(IKB,1010) ISBLI(,ISWRD,IFBLK,IF"WRD,IDPTS

1010 FORMAT(516)
WRITF(IOD,2030) ISBLK ,ISWRD,IFBLK,IFWRD

2030 FORMAT(2X,'FIRST BLV,WRD:',214,' LAST BLK,WkD:',214)
1020 FORMAT(14)
C***COMPUTE DRPn POINTS AND INDX(1)

ND)PTS=(IFB-ISL-)*3233+IFWFD-ISWRD
IDROPZNUPTS-IPPTS
INDX (1)=ID)PTS/IDWOP/2
WRITE(1U,,2050) InPTS,NDPTS,IDROP,INDX(1)

2050 FCRMAT(2X. 'IDPTS'0,13,- NDPTS=',I3,' IDR)OP=-,I3,
I ' INDXC1)'1,13)

C*$*ASSIGN AND U)EFINE INPUT FILE
CALL ASS1GN(9,IFLNAM,16)
DEFINE FILE 9(65,256,U,lF9)
CALL FDBSET(9,'RFADONJY')
IFILE=9

C***SET INIlIAL INDEXES
KILm32
ILW4
1N01z
KFzJ
DRPTS=FI,OAT(CIDPOP)
LTPTS=FLOAT( XDPTS)
IBI Kz1SBLK

C***RLAD BLOCK OF INPUT DATA



KP4S=1 !STARTING WORD) INDEX
KF=32 !FINISHING W&ORD INVDEX

IF(I8LK.EQ*IS9LK) KFS=ISWRD
IF(IBLK.EQ.IFBLK) KBF=IFWRD

C***TESTING ONLY, WRITE (JUT INDEXES TO CHECK

D WRITF(IOD, 3000) VJD,IBLK,KBS,KBF

C***LDAD DATA INTO DATA ARkAY i
0O 70 KH=I(BS,KbF
IF(INDX(KP).I4E.INlD) GO TO 60
KP=XP,1

3010 FORMAT(2X,-IND((KP)',13,- KP:',13, * IND:',13)
vK~rLOAT(KP)
INDX(KP)=INDX(1).tIFIXCCDTPTS/DRP'TF)*(DK-1.0))

C***TESTING; ONLY WkITE. (UT INDX(KP),KP AND 114D
V WRITE(IOD,3010) INDX(KP),KP,IND

GC TO 70
60 VATA(IND)=C0DATACWB,III)

I ?DJIND+1
70 CUNTINUF
C***INDFX PLOC( AND CHECK IF ALL DATA REIAD IN

7BLK=IBLK+
IF(IBLK.LEK.IFBLK) GO TO 50

C***CLOSE OPEN VILE
CALL CLOSE(IFILE)

C***WR1TE ODT NUM OF PIS LOADED,NUM PTS DPOPPED,NUM PTS SAVED
WRITECIOD,20b0) IND-1,KPi-l#IVPTS

2060 FORMAT(2X,'PTS ULD:",13,' PTS DRO)PED:',13,* IDPTStl,13)
C***WRITE OUT INDEX OF POINTS VEOPPEV

WRITE(IOD,2065) (IPDX(J),Jzl#KP-1)4
2065 F0RMAT(20(2Xvl0I4,l))
C***ENTER OUTPUT FILE NAME

WRITE(70D,2070)
2070 FORM4AT MX.ENTEli OUTPUT FILFNAUE -FIlrNAM.DATv$*')

READ(IKB,lO00) fIFLNAM(I).=1 ,8)
WRTTE(IOD,1000) (TfbhAM(I) ,=1 ,8)

C***WRITE CONDFNSED DATA TO DISC
CALL ASSIGNCIO,IFLNAM,lb)
WPITE(10) IPPTS, (DATA(I) ,Izl IDPTS)
CALL CLnSF(10)

C***LOOP BACK TO START IF DESIRED
WRITE(IOD,2080)

2090 FORMAT(2X,'DO YOU WANT TO STOP?(YLS/NO)')
READ(IKB,1030) IYl

1030 FORMAT(A2)
IF(IlNEvIYES) GO TO 20

lo0) CALL EXIT
END
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Typical Plots froni Data Processing

CODATA (rad/sec-) 64

1714962

17.7-

a. 2 2.6 A

9.32 2.66 6.36 .1 1.4 Z8 SS

CODATA (g's) 546

-9.699-

(a''+a'') /2 2. 1 lv 4

22

9.32 2.66 6.36 7.91 19.44 12.87 19.9
TINE CSEC)



COPAT B (rad/ sec 2)S~~

a, 2-L, 0 VA..A h h AEIA AA .A .A AAA AA -A
a n~ iy VVY

-Z4. 7-

0.00 1.39 2.79 4.18 6.57 6.97 6.36

TIME CSEC)
CODATB (g's) ~ 46

-0.2 1 --0A6

-0.7963

a,+a )/2 0 2f j- i
0.643-

a + 2 .167ta-%-;- ~ f&K A\k

a 3+a3)/2 119

9.00o 1, 39 2. 79 4.18 rb iS7 S. i97 6.38
TIME (SEC)



OMEGA (rad/sec) El14062

-2. 492 -
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U( . 1 3 - _ - AAA A 
1A

2.692 A n A

-tt

S.22o 1.36 2.76 4.14 S. c2 6.99 .2
TIME CSEC)



ANGLES THET,FHIVET (deg) ~ 46

5.47-

0.90 1.36 2.78 4.14 .62 6.99 41.28
TIME (SEC)

TRANS MATRIX 614962

1. 0000

0. 9999

0.9998

0. 9997 -rvv

0.9996

2 0.471-A A

-0.901

9.90 1.32 2.04 3.06 9.26 6.690 7.92
TXHNE (SEC>



TRANS MATRIX 646

4 IA A, II
- .0 f3 .6 \.9 6.6 669 79

-TIME CS-C

TRAS MTRI 6186

I I I I I

8.99 1.32 2.64 3.08 S.26 8.610 7. 92
TIME cSEt)



ORGACCL (g' s) I42

2.34I-

ACC

ACC2

AC 2. 13-e l )I r

2.09 1.36 2.76 4.14 6.62 8.99 6.26
TIME CSEC)

ORSVEL (cin/sec) 1 426Z

VEL 4AA A 4

VE L

-26. 7

9.99 1.36 2.70 4.14 6.62 6SAW 6.26
TIME CSEC)



ORGFOS (cm) 6 142OZ

POt E-25 f\

9.91

9.99 1.36 2.76 4.14 S.Sz 6.99 8.26
TIME CSEC~o



APPENDIX H Hi

Plots of Experimental Tests
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